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Preface

This final report documents the detailed results of a feasibility
study of a Stellar Attitude Reference System (STARS) concept for
satellites which promises to permit continuous precision pointing of payloads
with accuracies of 0.001 degree without the use of gyroscopes. This is
accomplished with the use of a single, clustered star tracker assembly
mounted on a non-orthogonal, two-gimbal mechanism, driven so as to

unwind satellite orbital and orbit precession rates.

All significant aspects of the STARS concept which could affect its
feasibility were investigated., Included were studies/analyses of star
visibility, acquisition, and failure/redundancy considerations. Preliminary
designs of the gimbal mechanism and star tracker cluster were generated,
thus verifying the general feasibility and providing the basis for specific
development recommendations., In addition, detailed error analyses were

carried out, based on structural, thermal, and external influence factors.

The overall conclusion of the feasibility study is that 0,001 degree
precision pointing by means of the STARS concept is achievable and no major
technical stumbling blocks should be encountered in the development.
Recommended further effort in developing the STARS can be divided into two
major portions. The first, a subsystem development activity, should
concentrate on development of the polar axis gimbal mechanism and its
servo drive, in addition to an engineering model development of the star
tracker and its associated signal processing circuits. The second is a combined
analysis/laboratory effort to concentrate on sunshade analyses and tests,
elastic friction analyses and tests, computer/electronics mechanization and
analysis, control system analysis/design/simulation, and assembly, test, and
calibration methods, For maximum cross-fertilization benefits and minimum

development time, both portions can and should be performed concurrently,

.
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1. Introduction

In considering the requirements of future scientific and commercial
satellites one of the performance requirements which stands out is the need
for a high precision (0.001 degree) earth-pointing capability from circular
orbits of various altitudes and inclination. Investigations prior to this
study showed that the basic technology for such pointing capability appears
to be available at this time if stars are used to establish a precisely
known coordinate reference., Since disturbance torques on typical satellites
(4000 dyne-cm on 200 slug-ftz) could produce a 0.001-degree attitude

error in 5 seconds, a nearly continuous precision reference is required.

The solution to the above precision pointing requirements, investigated
in this study, involves a unique Stellar Tracking Attitude Reference
System (STARS) concept which avoids many of the problems associated with other
precision pointing schemes by the use of a compact multistar tracker and a
simple, unconventional two-gimbal assembly. The advantages of this approach

are as follows:

1) The stellar reference is a single, clustered star tracker
assembly on a single gimbal mount, thus providing a uniform
thermal enviromment for its components, minimum distortion,
and involving minimum interaction with other spacecraft

components,

2) The STARS concept is not dependent upon high precision gyros,

with their attendant reliability and cost disadvantages.

3) The star tracker concept provides a high level of redundancy
in its basic design, being able to track more than the minimum
required number of stars most of the time. In additiom, it
provides gradual degradation of performance in case of failure

of one or more individual trackers,

L) The star tracker .design and the particular scanning technique
used avoid the usual requirements for critical alignment of the

scanning device to the boresight axis.

5) The STARS concept operates with essentially constant rates about
both gimbal axes, thereby avoiding many of the more significant
sources of angular error normally associated with gimbal systems

and their drives.
1-1



6) The STARS concept minimizes the amount of computational capa-

bility required of the on-board computer.

7 The STARS concept can operate with no on-board star cataloging
whatsoever, although the baseline approach does involve use of

a small amount of star position information,

The baseline design configuration adopted for the study - for low-
altitude sun-synchronous orbit application - utilizes a clustered set of
eight star trackers mounted on the inner gimbal of a nonorthogonal two-axis
gimbal system. The inner gimbal is held essentially parallel to the earth's
polar axis, while the outer gimbal is parallel to the satellite pitch axis.,
Under ideal conditions, the satellite may rotate about its pitch axis while
keeping the yaw axis pointed precisely vertical, and the star trackers continue
to point at their assigned stars while the orbit precesses about the polar axis.
The star trackers are arranged and their signals processed so that two are
tracking stars at any one time regardless of earth and satellite body
occultation directions. Physical motion of the star trackers in inertial
space to permit the tracking function is accomplished by controlling vehicle
attitude., Precision pointing of the satellite vertical is achieved by
commanding the proper pitch and polar axis gimbal angles, based on ground-
determined and regularly updated ephemeris data. An on-board digital computer
keeps track of local satellite time, calculates and sets proper gimbal angles,
and performs the attitude control signal processing and command functions

to enable star tracking as required.

To facilitate management of the feasibility study and permit logical
identification and resolution of all significant feasibility questions, the
study was divided into four principal task areas, System Analysis, Gimbal

System, Star Trackers, and Error Analysis.

System Analysis covered the operational feasibility of the STARS approach,
the requirements for reference stars, their characteristics and visibility
with changes in orbital conditions, redundancy and reliability questions, and
the techniques for and problems associated with initial acquisition of the
stellar - reference., 1In addition, the functions required of and equations to

be solved by the on-board electronics unit/computer were investigated under
this task.
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Gimbal system investigations covered the determination of suitable
gimbal system components such as structural materials, drive motors, angular
position transducers, bearings and lubrication techniques. Further activities
under this task included overall gimbal system configuration tradeoffs
and selection of a baseline configuration, in addition to investigation of

the closed loop precision drive characteristics required for each gimbal axis.

Star tracker investigations consisted initially of conceptual efforts
and system level tradeoffs to establish gross characteristics such as
multiplexing configuration, aperture number, F number, field of view,
off-axis tracking requirements, shuttering and system bandwidth.requirements.
The optical design problems were then tackled with emphasis on telescope
and sunshade feasibility. Extensive use was made of previous experience
in star sensor optics and sunshade design analysis and test confirmation
to lend credence to the feasibility conclusions reached and the preliminary
design parameters adopted. The mechanical design of a typical star tracker
cluster - to the extent required to assure overall feasibility - proceeded
simultaneously, with appropriate attention paid to the practicality
of initial alignment and maintenance of such aligment during launch and orbital
environment periods. Additionally, the feasibility of appropriate-signal
processing techniques was investigated and the appropriate design parameters

and a preliminary signal processing system were developed.

The error analysis task consisted principally of identification of all
contributors to total system pointing error and generation of an error
model, the assessment/evaluation of probable error magnitudes and their
variation with changes in environmental conditions and the overall evaluation/
solution of the error model. A separate portion of this task was the
assessment of existing laboratory measurement techniques and the problems
in achieving an adequate calibration of the STARS mechanism in the laboratory

and in orbit, so that the full .00l degree pointing accuracy may be realized.

1-3



2. System Analysis
2,1 System Operation

The system configuration studied applies to the 500 mile sun-synchronous
circular orbit selected by NASA as the baseline orbit since such an orbit
is a prime candidate for a precision pointing mission, The approach is
straightforward in conceptual mechanization. If a platform that is
stabilized in inertial space is to be mounted on an earth pointing vehicle
in an inclined orbit, there are, excluding perturbations, two essentially
independent motions (rotations) of the satellite that must be allowed for
(or unwound) by a gimbal system between satellite body and inertial platform.
These are the once-per-orbit pitch rotation caused by earth pointing and the
longer period precession of the orbit caused by the earth's oblateness. Thus,
for a fixed inclination orbit, one gimbal axis may be the satellite pitch
axis, while the other gimbal axis is oriented parallel to the earth's pole
(the axis about which the orbital precession takes place). As shown
diagrammatically in Figure 2~1 for the sun-synchromous orbit, such a set
of two nonorthogonal gimbals, with the included angle determined by the
orbital inclination, will suffice to unwind both of the principal motions
of the satellite, Since the pitch axis rotates once per year in inertial space
the pitch gimbal must be the outer gimbal., The basic system concept here is

as follows:

1) Use a stellar reference to establish an inertially fixed

coordinate system,

2) Calculate the correct gimbal angles for the nonorthogonal set
described above, based on ground determined and regularly

updated ephemeris data and using an on-board computer.

3) Set and maintain the gimbal angles as continuously computed

in item 2,

L)  Obtain error signals from the stellar reference, transform them
in the on-board computer into body coordinates, and use these
transformed error signals as inputs to the body attitude control

system.



At this point, only the system in its idealized form has been described,
Clearly, there are a number of perturbing effects and error sources which
must be accommodated in any realistic system mechanization, Since the
gimbal angle (angle between pitch and polar gimbal axes) is built into the
mechanism, as determined by the selected orbit inclimation, any actual
deviations from this inclination can produce pointing errors in the absence
of corrective measures. If the polar gimbal axis is maintained by the stellar
reference unit parallel to the earth’s pole, even 0.001 degree deviation from
the prescribed inclination will produce 0.001 degree pointing error twice per
orbit. Apart from the difficulty of placing a satellite in orbit with such
precision, there are a number of disturbing forces (as discussed in subsection
2.2.3) which cause inclination errors and resultant pointing errors many
times larger than can be tolerated. Another significant effect which affects
the satellite's reference system is the precession of the earth's pole
around the ecliptic pole. Although the period of that precession is over
28,000 years, a pointing system which depends on an inertially fixed earth's
polar axis would be in error by over 20 arcsec in 1 year, Therefore,
some means must be provided to compensate for the various deviations from an

ideal orbit that will be encountered.

Although frequent orbit corrections could solve these problems the fuel
penalty associated with such a scheme makes it extremely unattractive since
it is proportionately very expensive to change orbital inclination. The
selected approach, one that still retains the fixed angle between pitch and
polar axis, is to offset the electrical center of the star trackers by the
amount of the instantaneous inclination error, as calculated by the computer,
thereby maintaining the pitch and roll axes horizontal as required. This
approach will permit star tracking using the attitude control system, while
the vehicle yaw axis is held vertical by keeping the proper computer angular
relationship between vehicle and stellar reference. An additional benefit
of this offset tracking capability is to facilitate the initial acquisition

of the stellar reference under realistic spacecraft dynamic conditions.

The stellar reference consists of a cluster of eight star trackers, all

of which are mounted solidly to the same platform so that they cannot move

with respect to each other.



The cluster can move only as a unit in the previously described gimbal
system. Each star tracker is assigned to a particular star, the stars

being selected so that at least two of the eight trackers can see their
assigned stars at any specific time, regardless of the particular orbital
geometry existing at that time. Since the star tracker cluster ideally
stays rotationally fixed in inertial space while the satellite and earth
rotate around it, the ideal star locations are uniformly distributed through
the celestial sphere, Further, since the earth at any one time occults
essentially a hemisphere (depending on orbit altitude), a set of six stars,
located at the cormers of an octahedron, inscribed in the celestial sphere
would ideally be sufficient for attitude determination. With such a star
set, it would always be possible to find two stars, 90 degrees apart, in
any arbitrary hemisphere., However, with a real earth, a real horizon, and
sun-, moon-, and earthshine interference problems, six stars are not
sufficient. The use of seven stars does not significantly improve the
situation; it takes at least eight stars, ideally located at the vertices of
a "square antiprism," (see Figure 2-2) to permit adequate visibility of

at least two of the eight with any arbitrary spacecraft attitude. In
actuality, a real set of stars must be found whose positions come close

to the desired positions. Additional constraints that should be placed

on the particular stars used are that they mt be near the ecliptic plane.
The latter constraint will prevent temporary blinding and loss of attitude
information as a result of appearance of the sun or moon in the field of view.
The factors considered in the search for a satisfactory set of eight
reference stars, some of the candidate sets examined, and the evolution of
the set selected as the baseline set for the feasibility study, are discussed

in the following section.,
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2.2 Star Visibility

It was recognized from the beginning of the STARS study that the
selection of a satisfactory set of reference stars was a corner stone to
the entire feasibility study. The original STARS proposal listed a
set of eight stars (Table 2-1) which appeared to be satisfactory based on
purely analytical considerations. However, the realities of star tracker
optical systems and practical sunshades must be considered, It then becomes
clear that the use of stars - even bright stars - that can lie much less
than 30 degrees away from the sun at any time during a satellite's lifetime,
makes the design of the corresponding star trackers extremely difficult,
A basic measure of a stars' acceptability, apart from its brightness, is

therefore its declination in ecliptic coordinates,

TABLE 2-1., ORIGINAL STAR SET

No. NAME EQUATORIAL COORDINATES ECLIPTIC
R, A, (deg) Dec. (deg.) DECLINATION (Deg.)
1 Sirius 100.93 -16.67 - -39.65
5 Achernar 24,13 -57.40 -59.27
9 Capella 78.58 45,97 22,75
50 ® Scorpio 263.75 -42,98 -19.53
51 Mizar 200.66 55.09 56.27
70 Markab 345,79 15.03 19.41
4 Rasalhague 263,36 12,58 35,90
86 Gienah 183.54 -17.36 -1k b7

A review of this original star set indicates that four out of the eight
stars have ecliptic declinations less than 30 degrees. And in particular, two
of the weakest stars, Markab and Gienah, are in this category. 1In fact
Gienah, the weakest of the eight, lies only 14,5 degrees away from the ecliptic.
It is obvious therefore that this set of stars is an impractical one in terms
of sensor design., Table 2-2 is a computer printout on the 100 brightest stars,
giving the details required to permit a better directed search for a suitable

reference star set.
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335,02 59,88
83,01 =24.58
2640!3 '15068
80.48 -16.90
333,37 <=21.06
109,79 9.99
176.35 54,31
84,23 <-25.,37
82,13 5.28
158,37 54,21
96,74 =41,31
69.32 '5155
112,77 6.59
211,76 =-72,04
147,08 -64,42
43,53 48,69
88,31 ~16,12
’55014
-3 .35
«10,94
-6.83
'36014
'58034
-32,.81
‘67010
'4.47
25.63
- 21439
'22099
’1'90
'15054
‘50064
30,01
'19053

281,92
274,61
98,66
293,34
138,22
315,42
168,72
245,29
13,89
89,47
81.94
242,09
266,01
119.16
61.64
265,14



Table 2-2 (continued)

MIZAR
E CENTAURUS

H CENTAURUS
KAPPA VELA
AVI@R
DENEBBLA
MUHLIFAIN
ALPHECCA

7 @PHIUCHUS
GACRUX

WEZEN

MERAK

ACRAB

DUBHE

ATRIA

POLARIS
SCUTULUM
ALPHA LUPUS
PHEC DA

MARKAB

BETA LUPUS

U SCORPID

TAU SCORPI®
RASALHAGUE
DELTA CENTAURUS
ZUBENESCH
THETA AURIGA
ZETA PERSEUS
ALGENIB

SABIK

THETA CARINA
EPSIL@N PERSEUS
PHI SCORPI®
ZETA TAURUS
CAPH

GEINAH

GAMMA LUPUS

7 SAGITTARIUS
PHACT

Z8SCA

ALPHA ARA
SIGMA SC@RPIB
ZETA CENTAURUS
SADIR

- ALDERAMIN

MU SCORPI®
DELTA CRUX
Z CAN1S MAJOR
DIPHDA

A CN VN CAROLI

IRRAD.

1,40
1,40
1.40
1.40
1,30
1.30
1.30
1.30
1,30
1.20
1.20
1.20
1.20
1.10
1.10
1.10
1e10
l.10
1.10
1.10
1.10
l1.10
1.10

- 1.00

1.00
1.00
1.00
1,00
1.00

«98

97

97
97
«96
95
95
«95
94
93
92
92
«90
89
+88
«88
+88
«85
«85
«83
«82

EQUAT@RIAL C@2RD.
ReA. DEC.

200,66
204,46
218,37
140,28
125,46
176.86
189,94
233,33
248,85
187.34
106,717
164,98
240,89
165,44
251,32
30,43
137,64,
219,95
178,04
345,79
224.11
262,15
248,47
263.36
181,67
228,82
89,38 37.21
58,03 3179

2.90 15.01
251.14 '15069
160045 ’64.23
58493 39.92
239,23 =26,02
83.93 21.12

55,09
-53.30
'42002
-54.87
.59041

14,75
'48.78

26,82
-10,50
'56.93
-26.34

56455
«19,72

61.92
«68,97

89,12
~-82.19.
'47.25

53.87

15.03
-43,01
-37027
‘28015

12,58
‘50054

-9.27

1.86 58,97

=17.36
-41,06
«29.93
-34,09
20,70
‘49.85
-25,52"
‘47013
40,15
62.45

183454
233.25
285.14
84,62

- 168,10
262,34
244,8]
208,38
305,27
319.45
252,42 =37,.,99
183,36 =58,57
94,77 =30,05
10,50 <=18,16
193.63 38.49
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ECLIPTIC CB@RD,
R.A.  DEC,

56,27
-39,.,48
'25042
'63.63
-72,54

12,24
-40007

44,34

11,48
'47.72
112.99 =-48,.495
138,93 45,01
242,171 1.09
134,69 49,55
260,45 =46,00

g8,.12 6;.90
190,66 <=695,34
233,06 =29,92
149,95 47,03
353,05 19.41
234,58 =24,95
263,56 =13,90
250,99 =6,02
261,96 35,90
207,08 =44.42
228,88 Be56

89,49 13.66

62,67 11,24

B.73 12,58
257.50 7.28
208,88 ~62,01

65.23 19,01
242.41 .5.38

84,33 =2,30

34,73 51.10
190,28 ~14,47
241,04 <«21,14
283,17 =7.,08

81.69 -57.40
160.85 14,28
264,48 <-26,43
247,33 «3.95
224,51 =32,.85
324.51 57.11

12,54 68,78
255,69 <~=15,31
215,28 =50,31

96.94 '53.41

"2010 '20.77
174,03 40,06

165,12
225,13
229,80
178,62
172,99
171,15
211.91
221,73
248,75
216,34



" This list gives, in addition to the conventional (equatorial) location
coordinates of each star, the same location in ecliptic coordinates and the
brightness (irradiance) of each star with respect to the spectral sensitivity
of an S-20 photocathode., Based on the above mentioned considerations a new

set of reference stars was found as listed in Table 2-3.

TABLE 2-3, IMPROVED SET OF EIGHT STARS

No. Name Equatorial Coordinates Ecliptic
R.A, Dec. Declination

10 Arcturus 213.55 19.35 30.76
13 Altair 297.31 8.78 29.36
32 Cih 13.69 60. 54 48,69
62 Merak 164,98 56455 45,01
Rigel 78.25 -8.24 -31.19

Rigil Kentaurus . 218.35 -60.70 -ho,k6

31 Gamma Vela 122,14 -47.04 -6, k2
Lo Al Nair 331.56 -47.12 -32,81

Of these only Altair, a bright star, lies slightly below 30 degrees ecliptic
declination ( at 29,36 degrees). However, a rather dim star, Al Nair,

lying at -32,81 degrees ecliptic declination, is used as one of the eight
stars., Since the design of a tracker and sunshade for this star does entail
difficulties because it is both dim and not very far from the sun, a search

for a better star set is still indicated.

STAR ACCEPTABILITY CRITERION

To obtain a more realistic means of star selection, a star acceptability
criterion was established which specified the minimum allowable star
irradiance versus the star's ecliptic declination. 'The criterion used is
based on experimental star tracker and sunshade performance for a scanning
star sensor and on the assumption that the STARS sensors should be able to

achieve at least a factor of two better performance.
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The rationale for this conclusion is that the STARS tracker data rate is much
higher than that of the other sensor since the STARS is a continuously
tracking system whereas the other sensor uses a scanning technique,

Figure 2-3 shows the STARS acceptability criterion and its relation to the

experimental scanning sensor values.

The acceptability criterion of Figure 2-3 was applied to the list of 100
brightest stars (for an $-20 photocathode), using the GE-265 timesharing
program ¥LISTB, described in the appendix. This program uses a seven
straight line segment approximation to the actual acceptability curve.

The resulting "filtered" list of stars is given in Table 2-4, It will be
noted that AL NATR, the one questionable star of Table 2-3, is not on

this list, However, the fact that only one star of this last set is not
acceptable indicates that this star set is not far from being satisfactory.
Thus a search for a better set ought to use this set as a point of

departure.

SELECTION OF BASELINE SET OF EIGHT REFERENCE STARS

As long as the reference star set is selected from the stars in Table 2-4,
and the selected acceptability criterion is held to be valid, then sun,
moon, or planet interference has been eliminated as a consideration in
star selection. The selection need then be based only on 1) adequate
star visibility during the entire satellite lifetime, considering other

interference effects, and 2) reliability/redundancy considerations.

The other interference effects of concern here are due to satellite
shine, i.e. reflection of sun or moon-light from portions of the satellite
body or appendages into the star trackers, The many variables associated
with sunshade design have so far prevented the development of a curve
similar to that of Figure 2-3, but for reflected light. However, in its
absence, experience dictates that the weakest of the eight stars should be
at least 15 degrees above the local horizontal when it is used as one of

the two reference stars.
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*LISTB

1 S

THE AB@VE LISTED STARS SATISFY‘THE IRRADIANCE VS, ECLIPTIC
DECLINATI@N CRITERIGN DEFINED BY THE FOLLOWING COBRDINATES:

«8lE-13 W/5Q CM

IRRADI

13236 MON .

IRIUS
CANPPUS
VEGA

RIGEL
ACHERNAR
HADAR

RIGIL KENTAURUS
ACRUX
ARCTURUS
ALTAIR
MIMOSA
ADHARA
DENEB
ALKAID
ALIBTH
MURZIM
MIAPLACIDUS
GAMMA VELA

DELTA VELA
ALUDRA

MIZ AR

E CENTAURUS
KAPPA VELA
AVIOR
MUHLIFAIN
ALPHECCA
GACRUX
WEZEN

MER AK

‘DUBHE

ATRIA

PALARIS
SCUTULUM

PHECDA

DELTA CENTAURUS
THETA CARINA
CAPH

PHACT

SADIR

ALDERAMIN

. DELTA CRUX

Z CANIS MAJER

ANCE >

06715
IRRAD,

49,00
20,00
10,50

9.00
8.00
6.80
6.60
§.10
5.30

4,30

4,00

3.50

3,30
2.50
2,40
2,40

2.20

2,20
2.20
2,00
1.90
1.80
1.50
1.40
1.40
.40
1.30
1,30
1,30
1,20
1.20
1.20
1,10
1.10
1.10
1,10
1.10
1,00

e97

«95

«93

.88

.88

«85
. «85

TABLE 2-4.
/770

EQUATORIAL
Re.A,

100,93
95.81
278,96
78,25
24,13
210,39
219,35
186,20
213,55
297.31
191,46
104,34
310,08
206.57
193,16
95,32
138,21
122,14
13.69
305,78
120,61
130,96
110,71
200,66
204,46
140,28
125, 46
189.94
233,33
187,34
106,77
164,98
165,44
251,32
30,43
137.64
178,04
181,67
160,45
1.86
84,62
305,27
319,45
183,36
94,77

ECLIPTIC DECLINATION >29,.30 DEGREES

DECL,
IRRAD,

29.30
4,30

32,50
2,90

35,00 37,50
2,05 2-11 1,47

CBPeRD,
DEC,

'16067

'52.68
38,75
'8024
'57040
‘60.22
’60.70
’62092
19,35
8.78
=59.51
'28093
45,17
49,47
56.13
517094
«89,59
60,54
'55084
~39.91
-54,59
'29024
55.09
'53030
=54,87
«59,41
'48.78
26,82
'56093
«26,34
56,55
61.92
«68.97
89,12
‘62019
53.87
‘50.54
‘64.23
58.97
‘54009
40,15
62,45
'58057
'30005

40,00
1.10

ECLIPTIC C@@RD,

Re.A. DEC.
103.65 -59065
104,60 =-75,73
284,88 61,73
76.35- ‘31019
344,72 -59.27
253.37 '44.01
239,09 =~42,46
221,48 -52,75
203,70 30,76
301,35 29,36
221,25 -48,52
110,36 =-51,40
335,02 59,88
176.35 54,31
158,37 54,21
96.74 ~41,31
211,76 -72,04
147,08 -64,42
43,53 48,69
293,34  -36,14
138,22 -58,34
168,72 -67,10
119,16 -50,64
165,12 56.27
225,13 -39,48
178062 '53063
l72.99 '72.54
211.91 -40,07
221,73 44,34
216,34 <~47,72
‘12.99 '48.49
138,93 45,01
134,69 49,55
260,45 <~46,00
88,12 65,90
190,66 -69,34
149,95 47,03
207,08 <-44,42
208,88 -62,01
34,73 51.10
8!.69 '57.40
. 324,51 57.11
12,54 68,78
215,28 -50,31
96,94 -53,.4l

42,50
'081
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The 15 degree requirement has been applied to all eight stars, keeping in
mind that, on all but the weakest star, this requirement could be

relaxed if it generated a problem,

A considerable number of star sets were evaluated during this investigation,
utilizing as a principal tool a computer program (%¥VIS-1) which scans the entire
celestial sphere and records the number of stars (of the eight selected
stars) that meets the visibility criteria at’every point checked, The
output of this program is so formatted that it may be overlaid on a
chart of the 100 brightest stars such as Figure 2«4, plotted on a
rectangular right ascension - declination grid. Figure 2-5 is such a computer
printout, using for the eight reference stars the set finally selected as
the baseline set for the study, as given in Table 2-5, To improve
legibility of the visibility chart, the computer was programmed to suppress
the digit "3", As a result, it must be kept in mind that in all regions
where the visibility chart is blank, three of the eight reference stars
are visible above the minimum allowable elevation angle of 15 degrees.

The 15 degree elevation contour for each of the eight stars has been
drawn on the chart, so as to identify the particular stars visible at any

selected position.

It will be noticed that over a very small portion of the celestial
sphere, the visibility chart shows that only one of the eight selected
stars is visible above 15 degrees elevation angle., To investigate this
possible problem area, the computer was programmed to print out the star
number, irradiance, and elevation angle of the four highest stars in those
areas where only one star was located above 15 degrees, Table 2-6 shows
both this printout and an assessment of star redundancy over the entire

celestial sphere,
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TABLE 2-6.

THE NUMBER Df,TlMES EACH DIGIT APPEARS AND THE CORRESPONDING
PERCENT C@VERAGE OF THE CELESTIAL SPHERE IS AS FOLLOWS:
PERCENT C@VERAGE

DIGIT

Y, WV N R

FREQUENCY
6
753
2100
832
14
0
0

.20
24,45
55.29
20,32

49

»00

.oo

AT THE LOCATIONS WHERE ONLY ONE STAR IS VISIBLE ABAVE 15 DEGREES

THE FOUR HIGHEST STARS -°'STAR N@.(IRRAD.]ELEV,ANG,'- ARE AS FOLLOVS;
LOCATIBN [I-J)

38
34
25
25
3

3

-4
-5
-15
-14
17
18

1
100(5,3 158,15
1015,.,3 136,92
A1(1,.81)66,14

41(1,.,8)64,14"

3212,2 173,01

. 32[2,2177,.66

2
6911.1114,56
69(1,1114,69

5(8.0114.66
10(5.3113.88
419.0)14,56
6901.1114,01

2-16

3
1314,3114,50
A1(1.8112,91
10(5.,3112,19

5(8.,0112,17
1504,3111,91
4(9,0113,23%

4
3812.0113,52
38[(2.,0112,26

419,0111,60
4[9,0111,5%
6901,1111,38
1304,3111,92



As this table indicates, at the locations where only one star is visible
above 15 degrees, the second star lies only slightly below 15 degrees.

It is therefore apparent, particularly since the reflected light

criterion depends strongly on the details of sunshade design and tends

to be conservative, that this set of eight reference stars is entirely
acceptable, Additional insurance exists in the fact that at the locations
where the second reference star is lowest, a third and much brighter "backup"

star is available at slightly lower elevation angle.,

REDUNDANCY OF ATTITUDE REFERENCES

To evaluate the percent redundancy available from a given star set,
considering the whole celestial sphere, the computer programs which
generate the star visibility charts also keep track of the number of times
each digit is printed and the declination at which it occurs. Thus data
is then used to calculate the percentage coverage of the entire celestial
sphere at each level of redundancy. Table 2-6 gives this information for
the baseline star set. It can be seen that for more than 75 percent of the
celestial sphere, complete attitude reference redundancy is available. Or,
to say it another way, for any arbitrary, high inclination prcessing orbit,
three quarters of the time on the average more than two stars will be

available for attitude reference purposes.

It is easily seen that the above described general redundancy values are
strictly true only for a polar orbit sinee inclined, precessing orbits
do not cover the entire celestial sphere. Thus, for any particular orbit
the redundancy values should be evaluated separately. Such an
evaluation was performed for the baseline star set for the specified 500
mile sun-synchronous orbit, Table 2-~7 lists the average redundancy available
in this orbit, in addition to specifying the redundancy at those times of

the year when it is best and worst.
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Clearly, since the inclination of this orbit is high the average redundancy
is not markedly different from that of the entire celestial sphere. However,

the two extremes do show a wide redundancy range.

PERCENT OF ORBIT OVER WHICH X STARS ARE VISIBLE
500 MILE SUN-SYNCHRONOUS ORBIT

No. of Stars X Worst Case Best Case Average (1 Year)
1 0 percent 0 percent 0.2 percent
2 30,0 0.8 21.0
3 38.3 69.2 544
L 31.7 28.3 24,0
5 0 1.7 0.4
MORE THAN 70  percent 99.2 percent 78.8 percent
2 STARS

After the redundancy figures associated with the baseline star set
were determined, two more stars were added to this set to cover those
sections of the celestial sphere where the visibility chart showed poor
or no redundancy. Redundancy for this augmented set of ten stars was
then evaluated. The comparison between these two star sets, as shown
in Table 2-8 indicates a significant increase in redundancy. Specifically,
for the eight star (baseline)set, more than two stars are available over
75 percent of the time. When two more stars are added to this original set,

the redundancy increases to over 91 percent.
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TABLE 2-8.

PERCENT OF CELESTIAL SPHERE OVER WHICH X STARS ARE VISIBLE

No. of Stars X 8 Star Set 10 Star Set
1 0.2 percent 0 percent
2 24,1 8.5
3 55.1 33.0
L ' 20.1 38.5
5 0.5 19.6
6 0 0.4
MORE THAN 2 STARS 75.7 percent 91.5 percent

It was recognized at this point that still better overall redundancy
might be obtainéble for a set of ten stars if their selection were not
based on the original set of eight, A completely new set of ten stars was
then determined which improves the redundancy still more (to 95.5 percent),
Thus it becomes clear that a set of ten stars, properly chosen, can provide

almost complete redundancy over the entire celestial sphere.



2,3 Initial Acquisition

Approach

Initial acquisition of the stellar reference is a relatively straight-
forward procedure, utilizing a conventional, passive, two-axis sun sensor
mounted on the spacecraft with its sensitive axis preferably at right
angles to the pitch axis. For a sun sensor, mounted to look along the
spacecraft yaw axis, an illustrative acquisition or reacquisition sequence

can be described as follows:

1) After orbit injection, the satellite is tracked for an appropriate

period of time until ephemeris data are well established.

2) The on-board computer is directed to set the gimbal angles as

determined from the ephemeris and local satellite time,

3) Sun acquisition is commanded by rotating the satellite successively
about the roll and pitch axes until the sun sensor has acquired

the sun in both axes.,

4)  The spacecraft is now rotated about the sun line as shown
in Figure 2-6., Since the correct gimbal angles have been’
preset, star acquisition will occur automatically as the

star trackers are rotated into the correct attitude.

The particular stars selected for acquisition purposes of course depend
on spacecraft and earth occultation considerations at the time of acquisition,
The whole acquisition procedure may be performed using ground commands or

it may easily be automated,

False Acquisition

The details of the acquisition process and the possibility of false
acquisition (acquisition of an incorrect star pair) were investigated in
some detail, There are many star pairs that have the same included angle
as any given pair of the eight reference stars, for a reasonable field
of view for the STARS trackers., However, it is not immediately obvious
whether a rotation about a sun line (any line lying in the ecliptic plane)
could bring the corresponding pair of trackers into alignment with such an
arbitrary but incorrect star pair. A digital computer program was

written to investigate the possibility of such false acquisitions.



The question that had to be answered was: given a preselected pair

of reference stars (out of the set of eight), could the corresponding

star trackers accidentally see an incorrect pair of stars during the final
steps of the acquisition procedure? The approach used to answer

this question was as follows:

1. Determine those star tracker pairs that could conceivably be

used for acquisition.

2., Of all the stars (anywhere in the celestial sphere) that are
btight enough to be detectable by a STARS star tracker, identify
all those stars pairs whose included angle is essentially equal

to that of any star tracker pair determined in 1, above.

3+ For each star pair found in 2., determine whether a line exists
in the ecliptic plane about which a rotation of the appropriate
star trackers from the correct star pair could be performed

to bring them into aligmment with this alternate star pair.

4, Considering the field of view of the STARS trackers, could a

false acquisition occur and if so, under what operational conditions.,

Analysis

The initial step in evaluating the acquisition problem is step 1 above, i.e.,
the determination of those star tracker pairs that can be considered
eligible for use in theacquisition process. Table 2-9 is a list
of the included angles between all possible pairs of the eight baseline stars.
Now, since the 15 degree minimum elevation angle requirement specifies that
both stars of a pair be at least 15 degrees above the local horizontal
at the time of their use, the included angle for any usable pair must
be less than ( 180 - 2 x 15) = 150 degrees. This eliminates two out of the

28 possible star pairs listed,

Step 2 of the acquisition analysis is then to identify all the star
pairs (considering detectability by the STARS trackers) that have included
angles essentially equal of any of the 26 eligible values of Table 2-9,
Since the weakest of the eight stars used is No, 69 in our list of the 100
brightest stars (for an S-20 photocathode), the initial approach will be
to consider the first 99 brightest stars as candidates for possible false

acquisition,
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TABLE 2-9,

STAR

PAIR IKCL,ALGLE
4- 5 3 64,3274
4 - 33 : 104,2308
4 - Al 3 62 .3 403
4 - 13 :  141,4102
4- 10 ¢ 135.3346
4 - 32 2 85,1662
4 - 69 : 102,4170
5 -38 40,1304
5 - 41 53 , 4060
5 - 13 ¢ 95,7012
5 - 10 :  141,3325
5 -32 : 118,2249
"5 - 65 :  164,5621
38 - 41 68.503 |
38 - 13 @ 65,9903
38 - 10 ¢ 107.3073
38 - 32 ¢ 128,8932
38 - 65 ¢ 150,877l
41 - 13 ¢ 132,9224
41 - 10 :  101.5117
41 - 32 ¢ 147.1658
41 -. 695 ¢t 115,1512
13 - 10 ¢ 81,262
13 - 32 2 75 6944
13- = 65 s 99,3057
10 - 32 98,5225
10 - 65 ¢ 43,9077
32 - 69 3 64,9237




The approach taken is to examine all possible pairings of the 99 stars and
compare the included angle of each pair with each of the 26 eligible
tracker pair angles, If a match within two degrees is found, a record

is made of the stars involved. A time-share computer program (ACQ-5*),
developed to perform this search, takes each of the tracker pair angles

of Table 2-9, and searches for corresponding matches among the 99 stars.
The results are recorded, as shown in the appendix, and simultaneously
written into computer files for later use by other programs. It

will be noted that at this point, almost 3,500 possible star pairs have
been found that must be considered as possible candidates for

false acquisition,

The next step in the acquisition analysis is to determine for each star
pair found above, if a line exists in the ecliptic plane ( a sun 1ine)
about which a rotation of the appropriate star trackers from the correct
star pair could be performed to bring them into aligmment with this
alternate pair. The initial step required is to locate the sun line which
permits rotation of one star (No. 1) of the correct star pair (1, 3)
into star 2 of the incorrect pair (2,4)., This sun line lies at the intersection
of the ecliptic plane and the plane which is the perpendicular bisector
of the include angle between stars 1 and 2. Referring to Figure 2-7, the

includ ed angle between stars 1 and 2 is given by
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1) _ cos 6 = sin d1 sin d, + cos d, cos d2 cos (r2 -rl)

and the angles ¢ ,5 and § are given by

cos d. cos (r2 -rl) sin d, - sin d, cos 4,

2) cos ¢ = 1 2
sin ©
3) cos B = sin @ ‘cos d2
L)Y sin § = sin d,
sin B

The declination of the midpoint between stars 1 and 2 is then given by

5) sin m= sin B sin ( § - 6/2)

-~

and the angle ¢ 1is defined by

cos B

sin o =
6) it cos m

The angle p which locates the required sun line is then found from

sin m

7) tan p = tan

The next quantity to be determined is the angle which defines the
rotation of star 1 into star 2 about the sun line just determined., Referring
again to Figure 2-7 angles ¢ and [ are defined by

s e -1
8) cot e.é sin ( p + % ) cot dl
9) cot ( e+ ) =sinp cot m

The angle to be rotated through is then 2 (.

It is now necessary to rotate the second star ( No. 3) of the correct
pair through angle 2{., Referring to Figure 2-8, rotation occurs about the sun
line at R,. Now .

5
10) cos A = sin (RB'- Rj) cot Dy
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sin Dp
11) sinA = Y
and

12)  sin D, = sin (,» + 2¢) sin B,

But, since the rotation occurs about OR,,

3

13) B=A
So that
1) sinD, = sin (A + 2¢) sin D
sin A
and

15) sin (R, - R

3 2) = cot (A + 2{) tan D

2
Equations 14) and 15) give the location of the rotated star 3. It now
remains to determine how close this rotated star is to the second star
( No. 4) of the alternate set. This is easily done by using relation 1)
to find the included angle between these two stars,

Clearly, if this included angle is within
the field of view of a star tracker, a false acquisition is possible.

Further thought will indicate that for each candidate star pair it is
necessary to perform the above calculation four times since star 1 may be
rotated into stars 2 or 4 and star 3 may be rotated into stars 2 or 4.

Time share program ACQ-T7* performs these calculations on all star pairs
recorded previously as possible candidates for false acquisition and prints
out details on those star pairs that come close to resulting in false
acquisition., Table g71o shows a printout of this time share program

using as a criterion the condition that only those cases will be recorded
where the included angle between the stars to be matehed is ten degrees

or less, The number at the far left of each line printed indicates which

of the four possible rotations has resulted in the particular line recorded.
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MISS{DLG!
316

-

2]
1]
2}
31
1]

el bt e M bt el G Gt

HCQ "7”.;5

8,42
9.12
9693
921

9.64
- 9,04

8. 70
8,61
§.99
3,71
7.01

5484

2.32
9.51
8402
5630
5,73
8,80
6.23
8:55
5.03

695

7.07
6.89
4,57
9.36
6049
5,00
5431

«90

53
8493
3,80
Ted3
5 .63
2.01
523
8,03
755
8,79
2,70
9633

.56

-8.88

6.23
6.28
903
4.14
8e63

15:39
TRACKER PAIR

O
¢
VIR Yy a1\ b

4=13

432
432
432

. 4=32

4,32
4=32
432
4352
-89
465
4-65
4-89

4-69

4-69
489
4G9
4-69

TABLE 2-10.

'10/26/70

SFR'FD FPAIR

11~Db
11=-58
22-51
25=66
30-96
32-~82
34-54
T4-95
19<45
43-54
4547
45-72
45-96

2-85

4-10
23-89
g85-91

g-10
18-85
45-385
55«56

62-T74

G'7-90
74-385
Bi= S5
3~99
4-52
12-658
16-69

22-75

29-79

48-64 -

4869
61-69

ECL-RA @F SUN

5851
385!
35111

5.25

22.89
285,90
21,93
2,47
351,11

345,73
357,69

357,09
49.98
52.31

171,43

141,35
88453

82,76
79,90

156,02

180,83

116,57

136,34

247,29

169.02

311.51

169.02

169,02

169,02

100,77

139,96

135,40

224,56

139.86
51.93
42,19

120,26

344,47

114.69
45.79
21,75

79¢15
23.50

156,02

121478
g€C. 71
8l.73

119.39

121,78
121,78

£PRODUCIBLE X

APPRZY. DATE

APRIL 29
APRIL 29
MARCH 12
MARCH 26
APRIL 13
JANUARY 3
APRIL 12
MARCH 23
MARCH 12
MARCK 7
MARCH 19

MARCH 18

nMay t1
MAY 15

. SEPTEMBER 11

AUGUST 11
JUNE 17
JUNE 13
JUNE 10
AUGUST 25
SEFTENBER 20
JuLy 17
AUGURT 6
NOVEUBER 27
SEPTEHEER &
JANUARY 31
SEPTEMBRER 8
SEFTEIIBER 8
SEPTENBER 8
JULY 1
AUGUST 10
AUGUST 5
NIVENBIR 4
AUSUST 10
1ay 13
MAY 3
JULY 21
MARCH 5
JULY 15
tay 7 .
APRIL 12
JUNE 9
APRIL 14
AUGUST 26
JULY 22
JUNE 11
JUNE 12

- JULY 20

JULY 22
JULY 22

~



ACQ-Tx CONTINUED

MISS{DES)

e94
1.67

9.96.

3,63
1,93
6.97
80958
1,32
5,62
3653
7.62
8.82
4,95

9094
- 6603

013
1,30
8.77
1,30
4,71
1 .40
5460
8.2i

4,92

9.71

7.97
9.69
7,03
3003
4,45
9.78
539
4,73
5.77
9.89
9,51

8,71

o4l
9.87

TRACKER PAIR
5-38 '
538
5«48
543
5=38
558
5«48
5=38
538
5-38
5-38°
5-3¢
538
538
' 5=38
5-38
538
5«41
5041
5-41
5-41
513
5«13
5=13
5«13
5<10
5-10
5-10
5=32
5«32
5-32
5=32
532
5=32
532

38~41
38=-41
3813
38-13
38-13
38~10
38=10
38=-10 -
38~10
38=32
38=32
38=-32

38-32

38~32

3G=32

TABLE 2-10. (Continued)

5-38
g-91

9-32

14-9!

17-32

18=-77
i3-78
20-82
24-77
25-34
33-82
45-178
4934
54-93

67-93

8285
8594

3-51
10-64
2695
51-95
13-93
17-40
40-48
43-83
27-58
57-70
70-175

4=71

5-17

5-55
26=31
A6-89
4693
5579

5250
26-54

335
5856
78-95

3-93
12-40
12-40
5877

6-28
13-25
1377
16-80
22-74
22-74

PBSEWVED PAIR

2-28

ECL-~RA gF SUN

345,35
288,05
1,42
291,04
352,49
10.62,
2.47
5460
10,62
9.19
5.60
2,47
5,23
267,46
267443
357,238
349.92
223,31
146,49
247,29

247.29

305436
359085
18.84
312,62
305.2¢
272.67
272.67
14,25
79.81
65.92
70653
40.90
40.90
48.82
290.37
340,43
13,31
250,15

557,69

267.45
298,51
291 .48
259,868
359.17
256,87
259.85

S1.60

210,75
33432

APPROK. DATE

MARCH 6
JANUARY 7
MARCH - 22
JANUARY 10
MARCH 13
APRIL 1
MARCH 23
MARCH 27
APRIL 1
MARCH 30
NARCH 27

MARCH 23

MARCH 26
DECEMBER 17

‘DECEMRER 17

HARCH 1S
WARCH 11}
NAVEMBER 2
AUBYUST 1Y

NZVELBER 27

NOVEHBER 27
JANUARY 25
MARC) £
APRIL S
FEBRUARY 1
JANUARY 25
DECENBER 22
DECESBER 22

APRIL 4
JUNE 10
MaY 27
JUNE -1
- MAY |
MAY 1
bay 9

JANUARY 9
MARCH 1
AFRIL 4
NEVEMNBER 30
MARCH 1S
DECENBER 17
JANUARY 18
JANUARY 11
DECEMBER O
MARCH 20
DECENIBER §
DECEHBER 9
AFRIL z2
oCTaBLw 21

APRIL 24



ACQ~-T= CHNTINUED

MISSIDEG]

31 T1.40
31 3,04
1] 9.47
AY 1,77
21 5,05
1] 5,94
2) 9,11
2] "7.05
11 2.62
1) 5.64
21 5,00
2] 3.14
31 3,97
2) 7,34
11 1.31
4] 9,03
2) 95.03
11 S.62
21 7.67
21 9.88
4] 6.95
21 3.71
41 6,951
4] 2.87
4] 2,56
11 4,73
21 3428
2 4,42
4] 9.37
4}  7.80
1l 6,99
3} 3,60
31 8457
3] 4,03
41 4,51
4] 5.32
11 4.57
1) 9,46
2) 3.23
3) 7.49
2) 8.03
21 7,03
1 3.18
31 7.99
] 9.20
2] 8.76
2] 6.08
)] 6.91

] 6.87

1° 6,50

TRACKE

38«32
38~32
38-32
41-13
41-13
41-10
41-10
41-10
4110
41-10
41 =10
41-10
4i=10

41-10 .,

41-10

41-10

41-10
[ =32
41-32
41=32
41 =32
41-32
41-89
4169
41-69
41 =69
41-69
41-69
4169
41-89

41-69

41 =69
41-69

" 41=89
4189

41-69
41-69
13-10
13=10
1310
13-10
13=10
13232
13~32
13-22
13-32
13-32
13-32
13-32
13-32

TABLE 2-10.

EBSERVED PAIR - ECL-RA OF SUN

29-74
61-80
19-817
29-65
6288

3-68
10-30
10-67

12-66

17-22
2352
23~75
26-45
51-93
53-69
5966
8590
5<66
6-95
52-95
54=66
60-66
6-26
6-51
7-51
1084
11-76
25-39
23-48
26-39
31=-64
31-84
37=93
39=51
46-66
52-62
54-62
15-52
15-53
27-99
30-35
93-98
1=57
- 2-84
12-31
14-27
14-<55
17-8
27-80
27-75

NOT REPRODUCIBLE

(Continued)

2-29

33.32
31.60

324,08

329.36
155.98
223,31
168,72
153,48

131.41
159,51

165,35
147.63

68450
161.89
165.27
140.08

81,13

247.29
247,29
S1.22
207.39
8l.17
81.17
74.22
136,15
161.89

- 181447

181447
200.24
1684.33

168,03

214,57
195,03

43,02

5759

136,34
231,17
' 183 023

102,46
302.69
307.78
264,11

21.75
173.89
262.14

250,93

359,85
262,14
262,14

APPROX. DATE

APRIL 24
APRIL 22
FEBRUARY 13
FEBRUARY 1€
AUSUST 26
NZVEHBER 2
SEPTENBER 8
AUGUST 24
AUGUST I
AUGUST 30
SEPTEMBER 5

‘AUGUST 18

HAY 29
SEPTENBER
SEPTEN3ER 5
AUGUST 10
JUNE 22
JUNE 11 :
NVEMBER 27
NOVEUBER 27
APRIL 22
PCTOBER 17
JUNE 11

JUNE 11

JUNE 4
AUGUST 6
SEPTEMBER 1
SEPTENIBER 2!
SEPTENBER 21

—

- BCTUBER 10O

SEPTEMBER 4
SEPTENBER 7
APRIL 12 :
GCTGBER 5
Hay 4

May 18
AUGUST 6
NZVELRER 10
SEPTEN3ER 23
JULY &

- JANUARY 22

JANUARY 27
DECEMBER 14
APRIL 12
SEPTE!MBER 13
DZCENMBER 12
NZVENBER 30
MARCH 21

'DECEMBER 12

DECZBER 12



TABLE 2-10. (Continued)

ACQ=-Tx CLNTINUED |
ERVED PAIR ECL.~RA CF SUN APPIlZXe DATE

MISS{DEG!  TRACKER PAIR  OBSERVE ,
11 9,41 1332 2797 . 252,14 DECENBER 12
11 3.16 1332 2339 176,10 SEPTENDER 16
41 9.86 13-32 .  40-59 . 278,86 . DECEEBER 29
31 8.85 1385 2-48 43,02 MAY 4

4] §.10 13-69 12227 102,17 JULY 3

4] 3,50 13-59 14-18 102,55 ©JuLy 3

4] 4,04 1359 14=45 102,55 JULY 3

31 6,75 13-69 - 22-79 137,67 AUGUST ¢
2] 4,68 13-69 30-84 205,99 . BCTGBER 16
31 3,71 1369 33-97 112.09 JULY 13

31 -7.63 - 13269 45-60 99,32 . JUNE 30

4] 5.23  10-32 10-32 82,14 JUNE 12

4] 5,01 10-32 1085 8214 JUNE 12

41 9,43 10-32 16-2 10,97 APRIL 1

41 9,54 10-32. . 18-21 10,07 MARCH 31

31 1.64 10-32 21-24 4.60 MARTH 26

11 9.19 10-32 2554 123,57 CJULY 224

31 8,02 3259 27-44 68.01 MAY 29

31 5.85 3259 58-66 203 .39 @CTZBIP 13
31 2.48 32~69 61-1717 78457 JUNE 9



At this point, a realistic value must be selected for the acquisition
field of view of the star trackers. Using two degrees as a typical
value, the number of candiate cases for false acqusition is further
reduced to the 17 listed in Table 2-11. Although this appears to be a
relatively manageable number of possibilities, as far as operational
limitations are concerned, a close look at the star visibility chart
(‘igure 2-5) applicable to this star set will show that the situation is

really much better.

TABLE 2-11, CANDIDATE CASES FOR FALSE ACQUISITION

APPROX. DATE TRACKER PAIR OBSERVED PAIR OFFSET ( DEGREE)
January 7 5-38 8-91 1.67
March 6 5-38 38-5 0.9%
March 11 5-38 85-94 1.30
March 13 5-38 17-32 1.93
March 18 5-38 82-85 0.13
March 26 10-32 21-2k 1.64
March 27 5-38 20-82 1.32
April o2 38-32 16-80 0.h41
May 13 h-41 ‘ 5-97 2.32
July 21 L-32 55-56 2,01
August 5 k-10 23-89 0.53
August 10 h-10 10-4 0.90
August 17 5-41 10-64 1.30
August 26 4-69 12-66 0.56
September 5 41-10 53-69 1.51
November 27 5-41 51-95 1.40
December 22 5-10 T70-75 0.93
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It will now be noted that in all cases of Table 2-11 but one, the
particular tracker pair listed need not be used for acquisition, since
in those areas of the celestial sphere where the listed stars are both
visible and needed for acquisition, at least one other star of oﬁr eight
star set is also visible. Only the case of September 5 involves a star

set (41-10) which must be used briefly during one orbit.

Further Studies

The initial acquisition study concerned itself with evaluation of
false acquisition possibilities, considering the first 100 brightest
stars, and based on the assumption that the STARS star trackers
could be reliably thresholded so as not to detect signs weaker than
No. 99. However, since No. 99 is only 0,75 as bright as No. 69, the
weakest of our eight star set, the above assumption is not conservative.
As a result, further acquisition studies were undertaken, this time considering
the 200 brightest stars. This includes all stars whose irradiance is
O.4 times that of star No. 69 or brighter. Again, considering geometry
only and a + 1 degree acquisition field, the computer search identified
54 cases of possible false acquisition. However, as before, by choosing
alternate stars for acquisition, 47 out of the 54 cases can be eliminated.
Thus only seven cases remain at this point which could give rise to possible
false acquisitions. These cases are listed in Table 2-12 where the
numbers enclosed by parentheses represent (star No., irradiance), with
irradiance in watts per cm2 X 1015. The particular matching of STARS
trackers and observed stars as determined by the computer is indicated by

the arrows,

It is possible, however to reduce this list of possible false acquisitions
by taking advantage of the planned aperture reduction for the star trackers
associated with the brighter stars. ASpecifically, it is assumed that the
tracker associated with the brighter star (No. 69) does not see stars whose
irradiance is less than O.4t times that of star No. 69. Clearly, if the same
criterion is applied to the brightest (No. 4) or any other of the eight stars, it:
tracker aperture can be reduced so that the tracker does not respond to stars

weaker than O.4 times the irradiance of No. k4.



TABLE 2-12, REMAINING CASES FOR FALSE ACQUISITION

DATE TRACKER PAIR OBSERVED PAIR

September 3 (41, 1.8) - (161, 0.53)
(10, 5.3) —~ (10, 5.3)

September 5 (41, 1.8) - (54, 1.k4)
(10, 5.3) - (69, 1.1)

August 14 (4%, 9.0 =~ (4%, 9.0)
(1, 1.8) - (179, 0.47)

August 1 ( 4, 9.,0) - (111, 0.73)
(41, 1.8) - (12, 5.0)

July 15 ( 4, 9.0) - (90, 0.92)
(41, 1.8) = (144, 0.58)

August 17 (4 9,00 ~— (115, 0.72)
(41, 1.8) - (123, 0.68)

June 29 ( %, 9.0) - (150, 0.56)
(%1, 1.8) - (125, 0.68)

Applying the above criterion to the first case listed in Table 2-12, the tracker
assigned to star No. 41 (with irradiance of 1.8 x 10-13w/cm2) would not see

-1 .
stars weaker than 0.72 x 10 3w/cmg. Thus it could not see star No. 161 (whose
13

2 . .
w/cm”) as indicated in the table. The aperture reduction

scheme therefore could prevent a false acquisition in this case., It is seen that

irradiance is 0.53 x 10~

in every one of the other cases of Table 2-12, the appropriate aperture reduction
will prevent any false acquisition since at least one star of each questionable

pair is not observable by the associated tracker, with its aperture appropriately
adjusted. As a result of these studies, it can therefore be stated unequivocally

that false acquisition is not a problem for the STARS,
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2.4  Computer Requirements

Introduction

A major component of the STARS as a complete system is the on-board
electronics/computer unit which, although there are no feasibility questions
associated with it, does require sufficient definition so that the entire
system can be evaluated., To this end, the equations that are required to
be evaluated by this on-board computer, have been developed. The basic

functions of the computer are to:

1) Generate gimbal angle commands so that the telescope platform
maintains the same orientation with respect to the vehicle axes that
the celestial sphere has with the rotating local vertical reference

frame.

2) Convert pulse time interval measurements from the star sensor

into signals proportional to the line of sight angular error components.

3) Compensate for known biases due to (a) stellar aberration,

(b) orbit inclination error, and (c) telescope misalignments..

4) Transform the compensated error signals into vehicle coordinates

and estimate the three vehicle attitude error components.

5) Provide master timing and control, incluling star selection based

on star brightness and visibility constraints.

These operations and the functional interfaces between the computer,
telescope assembly, and the vehicle attitude control system are depicted
in Figure 2-9. A more detailed definition of the computer functions
will be presented after first defining the appropriate coordinaté frames

and transformation matrices.
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Coordinate Frames and Transformation Matrices

The simplicity of the STARS concept is based on the near coincidence of
the gimbal and telescope axes with the corresponding orbit and star coordinate
frames, TFigure 2-10 defines the attitude reference and star coordinate frames
with respect to the equatorial inertial frame. Except for certain small fixed
and time varying biases, the angles and coordinate frames in the vehicle are

identical to those shown in Figure 2-10.
The following coordinate frames will be used.

e-frame Inertial frame with z, along the ecliptic north pole

and X, along the vernal equinox.

i-frame Inertial frame with z; along the earth's north pole

and X, along the vernal equinox.
s-frame Inertial frame with zg along the star LOS and with
X z plane containing z,.
s's i
r-frame Attitude reference frame with z. along the orbit

normal and X, along the local vertical.

b-frame Frame fixed in the gimbal base and coinciding with
the vehicle axes: Xy = yaw axis, Yy = roll axis,

and zy = pitch axis.
t-frame ' Frame fixed in telescope platform (inner gimbal)

with z, along the boresight axis and the X2,

plane containing z,-

a-frame Frame fixed in telescope platform with z, along the
gimbal bolar axis and X, coinciding with the 'vernal

equinox".

The two telescopes in use at any time are denoted by subscripts j and k, where

it is understood j and k represent any of eight possible star/telescope.
Euler angles relating the various coordinate frames are as follows:

o = Orbit angle measured from ascending node (about + z, axis)
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Right ascension of line of nodes (about + z, axis)

Orbit inclination (about ascénding line of nodes)

Right ascensionvof star (about + zi axis)

Declination ofTstar (about - Vg axis)

Pitch gimbal angle (about "ascending line of nodeg")

Polar gimbal angle (about % z, ax;s)\

Polar axis tilt (about "ascendinglliﬁe of nodes')

Right ascension of ;eléscope bdnesigbt axis (about + z, axis)

t
i ’
Declination of telescope boresight axis (about - Ye axis)

Transformation matrices relating the coordinate frames are as follows:

se

si

ri

ta

[}

1 0 0
0 ¢ 23.5° s 23.5°
0 -s523.5° ¢ 23.5°

sé 0 -cé CA  SA

=RgRy = |0 1 0 -s\ ¢\ 0
cé o S8 0 0 1]
1
ce So 0] .| 1 0 0 CB SB
= R, RY RB =|-s¢ co O 0. ¢y sy -SB  ¢cB
0 0 1 0 -sy cy J 0 0

s¢ 0 -c{ cT ST

= Rg Ry = 0 1 o0 -s1 ¢l o
ct O s¢ 0 0
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co s6 olf1 o o[ ce so o‘l
Rba=R9 Ry R, = |-s8 c6 of| 0 c¥ syY||-s¢ co O
0o o0 1]] 0 -s¥ c¥/]]o o 1J

The symbol an defines the transformation from the m-frame to the n~frame. Each
of the above matrices is orthogonal and obeys the relation:

(Rmn)T - (Rmn)-l - an

From these definitions, the following correspondences are seen to exist

between the inertial set and vehicle set:

Inertial Yehicle
i - frame , a - frame
s - frame t - frame
r -~ frame b - frame
a L

B ¢

Y Y

6 ¢

A 0

Rsi ' Rta

Rri‘ Rba

mbal Angle Commands
The STARS pitch axis and polar axis gimbals are nominally coincident with
the orbit normal and earth's polar axis, respectively. The required gimbal
motions, therefore, cérrespond to the orbital rate and nodal regression rate

which are determined from ground track data.
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Gimbal servo bias errors can be directly compensated in the commands. Thus
B(t)
P(t)

a(t) + A8

B(t) + &

where A® and AP are the bias compensation terms. Normally only the fixed biases

need to be compensated.

The signals to the gimbal servos are in the form of a pulse train where
each pulse represents an increment of 1.8 arc seconds, corresponding to the

resolution element of the incremental shaft encoders.

Sensor Error Conversion

A rotating prism in the telescope causes the star image to trace a circular
path on the focal plane as shown in Figure 2-11. Two orthogonal slits in the focal
plane gate the radiant energy into the photo detector. The reticle slits are

aligned with the telescope reference axes x, and Y- Reference pulses are

t
generated at 90 degree intervals in synchronism with the scan, and the error
signals are produced by counting the time interval between the reference pulses
and the respective star pulses. The sample period is 0.25 seconds, corresponding

to the scan rate of 4 Hertz.

From the geometry it can be seen that the scan angle between reference pulse
and star pulse varies as the inverse sine of the error angle. With a uniform

scan rate the time intervals measured are:

I S |
t, = - on sin px/k
T -1
ty =on sin py/k

where T is the scan period, k is the scan circle radius, and Py and py are the

error angles.

The conversion from time interval to equivalent angular error therefore

requires a sine function operation:

k sin 2Tty

T

2mt
k sin —~
y T

o
1]

O
L]
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Since the computer will be equipped with a sine function, it is reasonable to

include this operation in the computer instead of the sensor electronics.

Stellar Aberration

For arc second level accuracy, the effects of stellar aberration camnot be
ignored. The component due to the earth's velocity about the sun can be as
large as 20 arc seconds, and the component due to the spacecraft velocity about

the earth can be as large as 5.0 arc seconds.

The aberration angle, a, can be computed from the following expression:

Yxle
a=—""—
= c
where V = total velocity of spacecraft
lc = unit vector along LOS.
c = speed of light

To determine the components of the aberration angle in the star coordinate
frame, we must solve for the total velocity in the s-frame. We start by defining

total velocity as: N

¥=Vo+uy
where Vo = velocity of earth about sun
v = velocity of vehicle about earth

In ecliptic coordinates (e-frame) this can be expressed as:

—ev _ el ei — iv
v =V + R v
Cnt
el
where V = Vo Sat
0]

Vo = magnitude of Vo

n = orbital rate of earth about sun.



- sa-
_ iv r T
and v = "0 RB R.Y o Co

o = distance from earth center to vehicle

Then applying the transformation Rse =

= RSi R we obtain
~ 8V _ev .. _ei si = iv
v - Rse v - Rsi R1e v +R v
Defining the components as
sV
v
_ 8v X
v = v
y
VZ

sv S sV
0 -V \'J \Y
-8 1 z y 1 y
a == \' 0 -V 0 = = |-V
C Z X X
'/ v 0 0
y X

Note that there are three time varying terms:

@, B, and at. The latter
two vary slowly enough to permit ground computation and update of those terms.

However, the terms in @ would have to be evaluated on-board since they are of
orbital period.
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Orbit Inclination Error

Once the spacecraft has been injected into the desired circular
orbit, its orbital characteristics will change due to the combined
perturbative effect of aerodynamic, magnetic, and radiation pressure
forces, the oblateness of the earth (zonal harmonics), ellipticity of the
earth's equator (tesseral harmonics), and lunar-solar gravitational attraction.
Since the STARS gimbal assembly has a fixed inclination angle, {, between
the pitch and polar axes, the effect of launch dispersions and the above

perturbations must be accounted for by the computer.

A study of inclination change can be carried out by numerically
integrating the equations of motion, or the Lagrange planetary equation
for inclination change over the desired mission lifetime. However, this
approach becomes prohibitively expensive for preliminary design studies
for mission lifetimes on the order of several years., A study has been
performed at Hughes to determine the analytic character of these inclination
perturbations. The resulting formulas for the inclination change due
to lunar-solar effects when combined with the well-known results for
asphericity perturbations greatly expedite the long-term prediction of

inclination perturbations,

Lunar-Solar Perturbations

The combined effect of the sun and moon will result in a periodic
variation as well as a secular change in the inclination of the reference
orbit, In particular, it can be shown that the magnitude of the secular

effects of the sun and moon can be approximated by

]

AiM 3th jsinnik cosﬂzﬁl

rM3 Ln for polar or (1)
equatorial
- —-— bit
Bugt lsin i, cos i.J OrDLES
. S S
Al = : (2)
S 3 hn
rg :
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St
AL, = M ‘sinicosi(l-%sine i_bd), (3)
)+nrM5
Suet
Ais = _—_§§_,Sin i' sin2 o) “}0- USo ) + % cos2 i [1.— 3 coseiS
hnrS

1/2 (%)
+ 2 cos ig cos E(Qo - Ug, )]

for sun-synchronous orbits, In these expressions, AiM, Ais are respectively
defined as the magnitudes of the inclination change due to the gravitational
attraction of the moon and of the sunj; Myp Mg are respectively the

w Ts a—tre -
respectively the geocentric radial distance to the moon and sun; iM, is are

gravitational constants associated with the moon and sun; r

respectively the relative inclination of the moon's orbit or sun's orbit

to the reference circular orbit plane; U_ is the argument of latitude of

" the sun's position vector at t = 0* (whiiz corresponds to the epoch of
insertion into the reference circular orbit); n is the mean motion of the
reference circular orbit, n = 2n/P, P = period of orbit; 0, is the node
of the reference orbit at t = 0%; i is the inclination in the reference

are respectively the inclination of the moon's and sun's

orbit¥; iM and iS

orbit.*

For the special case of a twilight sun-synchronous orbit, the angle

= = 3
G - Uso = 2 % % M

i.e., the angle between the sun's position vector and the orbit plane of

the reference orbit at t = O; hence,

Suct
pip = 5 |sini cos i | [1 - 3 cos“i
s 3 |

8an

S + 2cos i

/2 (5)
s

% These angles are measured in an equatorial vernal equinox coordinate
system, i.e., US° = 0 when the sun crosses the equator at the ascending

node,



ORDER OF MAGNITUDE OF INCLINATION CHANGE
DUE TO PERTURBATIVE EFFECTS

Lunar - Solar Lunar - Solar Earth Oblateness Earth Ellipticity
Secular Periodic Jg, Periodic J22, Periodic,
degrees degrees . degrees degrees

_3 5/2 57é _5 _3 .
0.13 x 10 ? t 7.0 ¢ 10 43,0 g 10 ~ sin?i 0.15 x 10-3 sin 1
r 2
T

NOTE: r = earth radii, t = days, 1 = inclination of orbit
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Similarly, for the baseline case of a noon-midnight orbit, the angle Qo -

USO = 0 or m; hence,

1/2

. t o) )

Als = _EB§__ sin i cos i| [1 -3 cos ig+ 2 cos 15] ~ (6)
3

8nrS

Asphericity Perturbations

The reference orbit will also be perturbed by the oblateness of the
earth and by the ellipticity of the earth's equator. Neither of these
effects will give rise to a secular growth in inclination. However, these

effect will result in a periodic oscillation of inclination about its reference

value,
The change in inclination due to oblateness (only J2 has been considered)
is given by
J
AL = - E g sin2 i sin2 u (rad) (7)
r

where J2 is the oblateness constant, r is the geocentric radius of the

reference orbit (in earth radii), and u = nt. The node of the reference

orbit will regress due to J2 at a rate

AQ = -1.5tn J2 cos i

(rad) (8)

2
r

If AQ is set equal to the angular travel of the sun in its orbit, the
resulting orbit will be sun-synchronous. Thus, the condition for a sun-synchronous
orbit is simply

cos i = =~ 0,0995 r 7/2 (9)
The ellipticity of the earth's equator will only result in oscillations
in inclination of amplitude on the order of (3 J22 sin i)/(2 r 7/2), where Joo
represents the first tesseral harmonic of the earth. The amplitude of this

motion is considerably smaller than that associated with J The relative

2'
magnitudes of the effects of asphericity and lunar and solar perturbations

are given in Table 2-13. 2-47



Telescope Misalignments

In any practical system there will be misalignments due to fabrication
and assembly tolerances. If these errors can be measured during final
calibration, compensating biases can be applied on~board. Normally the
telescope boresight errors are measured in platform coordinates (a-frame)
and would require transformation (Rta) to the respective telescope coordinates.
However these transformations can be computed in advance and the results

stored on-board so that no on-board computation is required for compensation.

Defining the boresight errors, as measured in a-frame coordinateé, as

bx’ b, bz, the x and y components in the s-frame are obtained from the first

y
two rows of:

b

= talrx

= R i b

3 [y

b
z

‘The bz error represents a rotational misalignment of the recticle slits

relative to the X, and y, axes.

Compensation for Biases:

Based on the foregding stored and computed bias errors, the sensor
outputs p_ and py can be compensated to yield corrected error signals b

and py by simple addition. For each sensor, the corrected error signals

are:
B = P Fag 9 ¢ gx
= +a +v +§
by TPy TEA T YT Y

Since the time varying components of the bias errors vary at a relatively
low rate, it is not necessary to update those components at the same frequency
as the sensor outputs, Py and py, are generated. Typically, the aberration
error and inclination error might be updated once every 100 seconds, whereas

the sample period from the sensor is 0.25 seconds.



Star Sensor to Vehicle Attitude Error Transformation

The transformation relating the vehicle attitude error to the star sensor

outputs can be derived from the following matrix equation:

i _1i
Rst - Rs1 R r Rrv Rva Rat

s r s .
We note first that R t and R V are both nearly identities since the telescope
fields of view limit operation to about + 0.5 degree maximum error. These two

matrices can therefore be represented by

Rt =1+7%
RV =1+7¢

where I = identity matrix and B'and € are skew-symmetric matrices whose components

are the star sensor error angles and vehicle attitude error angles, respectively,

i.e.,
0 -€ €
0 pz py z y
B'= Pz 0 Py e = €, 0 -ex
-py px 0 ey ex 0

We also note that

i ~
RIT gV o I+7

which states that the two successive rotations indicated result in an identity
except for small errors represented by the components of S: Similarly
si ~
R* R =1 +7
Substituting these relations into the original matrix equation and dropping
terms involving products of small angles, there results:

Bo= RSl er'; Rri RlS + Rsi ;fRis +';

This is equivalent to the following vector-matrix equation:

; _ R31 Rir ; + Rsi ; + E
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"The components of ; and ; represent bias errors referred to the i-frame

and s-frame, respectively. Defining

si

L=p-R-"p-gq

we note that the two right hand terms correspond to the bias compensation dis-

cussed in the preceding sections. Assuming the compensation is exact we are

left with the relation

- si ir —
o= €

=R R
1 . 7
Hx X
where o= and E =1{e
B uy y
uz_ ez'd

Each star sensor provides only two components of error, “k and uy. The
component p represents a rotation about the LOS and cannot be measured.
Sufficient data is available to determine the three components of P s however,

by using the outputs of two sensors. We then have the relation:

—* —
M = A €
4x1 4x3 3x1
where
[
*5
* M A
W= ) A= -f-
0
xk Ak
b,
| Yk
si ir
Aj = first two rows of Rj R
Ak = first two rows of R:i Rir



Attitude Error Estimate
*

Since E has four components and e has only three, there is obviously

redundant information available. One method of dealing with this situation
would be to select the three components of E*:which provide the greatest
sehsitivity in determing € and ignore the unused sensor component. This
could be done by determining in advance and storing on-board the best three

out of four sensor components for every possible pair of sensors.

A considerable improvement in accuracy could be gained, however, by using
all four components of sensor error data and performing a least squares solution
of the three attitude error components. This can be done in a straight-forward

manner as follows:

Define the pseudo-inverse of A to be

% -
A¥ = T Ayt AT
The least squares error estimate is'then given by

d=A" Y
A further refinement in the estimation of the attitude error could be
obtained using some form of recursive filter (e.g. Kalman filter). With an
increase in the dimension of the state, the bias error could also be estimated.
The computer load would of course increase. At the present time there does not
appear to be a need for this refinement. However, this subject is worthy of
further investigation, particularly if an accurate calibratién of the bias

errors should prove impractical.



Summary of Computer Equations
Gimbal Angle Commands

3=cx+A9
A
$=p+

Star LOS Error Angle for jm Sensor

B t .
Px. = k- sin Zm x4
J T

t,, .
p, =k, sin 2™ 7yj
Y T

Stellar Aberration Computation for jl;A Sensor

a, = L v (only a_ and a_ required)

j c . y.

J J

sv ei
- se = si — iv
v =R, V + R

h| i j .
_ei Cnt _ iv T T -aSa
v =V_|Sat v =r RgR oCo

Orbit Inclination Error Conversion for j't-?-l' Sensor

= A .CA.
Vx. Y SGJC 3
J
= =-AYSA,
v}’j Y J

Telescope Misalignment
Calibration of boresight errors before launch.
Biases, §x and Ey, for each telescope stored in memory.

Bias Compensation for jQ Sensor

B =p_ +a +v +
j xj xj Xj ng

R =
]

p + a + v +
Yy Yy Yy Yy g’j



Star Sensor to Attitude Error Transformation

-—* —
b =Ace

x‘[:

=
'x-
i
* h =3
o] ‘_:<
3>
]
| -
i
[y
1
 I—

k
v
Y
Aj = first two rows of R?i Rir
Ak = first two rows of Rii er

Attitude Error Estimate

A * =%
€=A W

Ax = (ATA)"1 AT

®> o> o
< 0w
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3. rimbal Svstem

3.1 Gimbal Requirements

The STARS gimbal is essentially a two-axis continuous rotation positioner as
shown in Figure 3.1-1. Each sensor cluster is mounted to a single shaft whose cente:
is the polar axis, The pitch axis is offset from an orthogonal condition
by an amount equal to the inclination angle of the intended vehicle orbit

so that the polar axis maintains a north pointing position.

The gimbal requirements shown in Table 3,1-1 include the sensor cluster
characteristics, the gimbal performance specifications and the environmental
conditions., The torque requirement for each axis is similar even though
the inertia is different by a factor of 30 because friction of the bearings
and electrical contact brushes determines the torque. A position transducer
is necessary for position control as well as position information,
but no specific rate transducer is required for the control of the gimbal.
However, if rate information were required it would be derived from the

position transducer since tachometers are not useful at these low speeds.

The need for a brake or clutch is considered unnecessary because the
system is in operation full time. Motion of the gimbal during a non-operational
period would in no way damage the gimbal elements or the structure since
full rotation clearance is required for operation, An anti-rotation squib
or solenoid lock could easily be added if full clearance is not available
in the launch shroud., The gimbal is .sized to contain itself during the
launch enviromment without launch locks, A launch lock system is difficult
to implement because it provides a redundant load path that must be less
compliant than the ball bearings in order to be effective, This redundant
load path could also cause binding and permanent distortions due to thermal
effects of the launch phase. These problems only need to be solved in systems

that have heavier suspended masses than the sensor clusters and thus peed not be
considered here.
The mild temperature environmment during operation is a requirement to

minimize the pointing errors resulting from structural distortions. The

tight control of 80%F to 100°F is achieved through thermal insulation from

the sun and surrounding structure as well as the use of electrical components

with low heat dissipation. A wider temperature range for the non-operating
condition may be imposed to allow comventional shipping, storeage and launch without
specialized thermal control. The 0°F to 150°F non-operating range is not a severe

constraint on the design of the gimbal mechanism and components.

3-1



¥ILEAS HVIS

1019!»2{“1‘

HI1SA1D VIS

3.2



TABLE 3.1-1.

GIMBAL REQUIREMENTS

Star Cluster Description

Size, each cluster
Weight, each cluster
Power dissipation

Electrical connections
View angles gimbal

Inertia about rotationaxis

Gimbal Performance

Axes
Rates:
Track

Gimbal accuracy per axis

Weight goal
Power .

Incremental position

Readout

Rate readout
Brakes
Life

Environment

Launch load
temperature

Pressure

Temperature gradient

Ground test

Slew or test

13 inch diameter swept hemisphere
15 pounds
0.7 watts electronics
4 watts wedge motor
0.2 watts shutter motor
44 slip ring channels (200 ma max.)
+15 degrees to zenith elevation
0 to 360 degrees pitch

1.5 slug-ft:2 pitch axis
0.05 slug~-ft~, polar axis

Two axis, continuous, unidirectional
1 rev per 5 minutes both axes
1 rev per year,polar and 1 rev per
90 minutes pitch axis
)
1.8 arc seconds

35 pounds
20 watts without thermal control

219 resolution with *1.8 arcsec
accuracy

none required
none required
3 years

60(5 30' peak random vibration
80 100 F, operating

0° Fto 150 F, non-operating
vacuum of space

5. 0 F AT across bearings
5.0°F AT across gimbals

must operate in l=-g field




The life requirement of 3 years was selected to cover all altitude missions.
The low rates of the gimbal keep the revolutions of travel low compareéd to the
wear life of gimbal components. The pitch axis travel amounts to only
17,500 revolutions in 3 years of orbit life, and only 3 revolutions in the polar
axis. Since the wear life of ball bearings and electrical contact brushes have
demonstrated vacuum life in millions of revolutions, there is therefore no

wear-out problem.
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3.2 Structural Description

The gimbal mechanism shown on Figure 3.1-1 results from a thorough
study of possible structural arrangements, The cantilever design of the
pitch axis is chosen over a yoke configuration because of the better control
of pointing with changes in thermal conditions. In a yoke configuration
the pointing accuracy is sensitive to dimensional changes in arm lengths
due to differential temperatures. While the cantilever design is subject
to the inaccuracy of a bow shape, the thermal control is easier with the

short thermal coupling paths of the cylindrical housing,

The reduced structural weight was another reason for the selection of the canti-
levered design. The structural support of the polar axis and payload under
launch loading is difficult with a yoke because of the long reach required for
sensor cluster clearance, The yoke weight alone is 30 pounds compared
to the 34.5 pounds now calculated for the total cantilevered two-axis
mechanism, Another disadvantage of the yoke is the high cost of the
beryllium material and extensive machining on a large block. The
cantilever design uses the struétural advantage of a thin wall tube, and

shear loads are taken out close to the center of mass.

The general arrangement of the mechanism uses three major structural
elements: 1) the pitch housing mounted to the satellite structure, 2) the
pitch shaft and polar housing machined from one block 3) the -single piece
polar ghaft., The polar axis is designed to &llow mounting the sensor clusters
after the total mechanism is fully assembled and functionally tested., The
single piece construction of the polar housing to the pitch shaft was necessary
to minimize the overhung moment on the pitch bearing and to avoid a separate flange
at the axes junction, which would be an aligmment liability because of the high
launch forces. The block of beryllium required for the T-shaped part
is no larger than the blocks used in the Hughes beryllium despin assemblies

as described in Section 3.5.
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Bearing Suspension

A single pair of angular contact ball bearings on each axis is used
to stably support the sensor clusters. Duplex pairs were considered
for higher radial load capacity, but a compliance analysis showed that
very small radial temperature gradients caused unacceptable increases in
friction. This sensitivity could be relieved by slip fits at the bearing
ring interface but then equal radial load sharing would not be dependable.
Single ball bearings with a larger one at the axes junction are a predictable

and therefore more reliable suspension than duplex pairs.

A schematic of the bearing installation is shown on Figure 3.2-1. One
bearing is installed with a light interference fit to both the shaft and the
housing to prevent separation under all temperature conditions, Since the
beryllium coefficient of expansion closely matches the 52100 bearing
steel, a + 10°F bulk change in temperature changes the .diametral . fit
of the largest bearing by only 15 microinches. A radial temperature gradient
has a large effect on the fit but would be less than a degree farenheit
because of high conductance of the interference fit, The gradient from inner
race to outer race could be about 5°F because of the lower thermal conductance
across the balls. This change in diametral dimension is accommodated
by a shift in the housing to shaft position and a slight increase or decrease

in the preload spring force.

The preléad spring contains four thin diaphragms machined from two
pieces of steel. The diaphragms are designed to produce a low spring rate
in the bearing thrust direction to insure a constant preload despite axial
differential expansion of the shaft and housing. On the polar axis the
45 pounds preload requires 0.013 inches of initial spring deflection. A
temperature difference across the shaft to housing of 5°F causes only a one
pound change in preload compared to approximately 80 pounds that could occur

in a system with all races fixed.
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This system of axial compensation is very reliable compared to the conventional
sliding race because its function does not depend on critical fits. A limit
stop is provided to control motion during the launch and vibration loads.

This suspension method has been qualified for high level vibration using 90 mm
bore and 150 mm bore bearings for despin assemblies. Since the balls have less
mass in the bearings for STARS, lower vibration unit loads should be

expected from ball dynamics.

The suspension system has no radial free-play at the bearing interfaces.
This aspect is basic to accurate pointing because a correction in pitch
would have the uncertainty of the radial free play in the polar axis bearing.
Also the natural frequency of the mode excited by a pitch correction is
predictable because of the e~limination of the polar bearing free-play. The
diaphragms of the preload spring are inherently stiff in the radial direction
but are the major contributor to the system compliance compared to the
structure and ball bearings. The spring design is checked to insure that
its compliance is compatible with bandpass frequency selected for the pitch

sServo,

Launch Loads

The launch ldads and bearing capacities are shown on Table 3,2-1,
The load requirements are based on the 60 "g'" peak that could result from
a 3 sigma point from the 20 "g" rms random vibration input. The sinusoidal
accelerations are dependent upon analyses of an actual installation and have
never been greater than the 60 "g'' level on other Hughes satellites. The
stress level shown is calculated from the ball bearing parameters of ball
size, race curvature and the number of balls. The level of 285,000 psi
has been considered acceptable for quiet running space applications. This
stress could result in a brinell spot of 80 microinch depth. The highest
stress listed on Table 3.2-1 is 230,000 psi which corresponds to a brinell
depth of 38 microinches. Aside from being a small number, this is acceptable
considering that: 1) it occurs in a radial direction so there is a a low
probability that it occurs in the operational ball track, 2) the adjacent
balls will have the major control on the raceway center at normal preloads.
In the error budget of Section 3.4, three-fourths of the maximum dent

size is used.
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Structural Materials

The STARS gimbal must be fabricated of a material that meets the following

characteristics:

1) Dimensional Stability
2) High Thermal Conductivity
3) Coefficient of Linear Expansion close to 6.6 microinch/inch/oF

4) High Modulus of Elasticity to Demsity Ratio

The first two characteristics are required to maintain the pointing accuracy
over extended periods of time in the presence of heat sources such as the motors
and shaft angle transducers. The structure surrounding the ball bearings must
have a matching coefficient of linear expansion or the fit could loosen and
cause & pointing error, Should the fit tighten, the ball bearing friction charact-
eristics could be adversely changed. The fourth characteristic is a combination
of material properties that establishes the weight and inertia for a structure
designed for stiffness. This characteristic is 10 inch for steel, aluminum,
titanium and magnesium, so that other properties are the bases for selection amont
these materials.

Beryllium has been selected as best suited to the requirements as shown on
Table 3.2-2, Beryllium not only meets the requirements of stability, thermal
conductivity and coefficient of linear expansion; it far exceeds the modulus of
elasticity versus density ratio of conventional materials. The closest to this
characteristic is that of graphite-epoxy laminates that are being used for
satellite structural application., Although it might eventually become a serious

contender, this material is not suitable at present for the following reasons:

1) Lack of history on stability

2) Inadequate information on coefficient of linear expansion parallel to
the rotation axis (so that the error effect of the low thermal
conductivity may be assessed).

3) Development costs of the molds for a demonstration unit are excessive,
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3.3 Component Selection’

Ball Bearings

The ball bearings size is selected based upon the bore required for
the shaft and wire harness and the static load requirements for the launch
environment. The detailed characteristics are listed in Table 3.,3-1. At
three points in the mechanism the 112H, extra-lightweight series, is used
because it adequately meets the stated requirements. The ball bearing near the
junction of the axes requires a higher radial load capacity, so the 116H
is used, The 213H, lightweight series, would have sufficient radial capacity

but the 116H, extra lightweight, selection is one-half pound lighter,

The contact angle of 25 degrees is selected over the more conventional
15 degrees because of the increased reliability in a bearing with more
radial play. The 15-degree contact angle bearing has about 0.001 inch of
diametral free play which allows insufficient margin over the collection
of tolerances in the interference fits and the different thermal conditionms.
The 0.003 inch diametral play of the 25-degree bearing allows a factor of

3 margine.

The ball bearings should be manufactured to AFBMA ABEC-9 class and
Grade 5 balls to optimize bearing fits and performance. The precision bearing
of Class 9 will include a specification on change of radius per change in
rotation of approximately 1.0 microinch per degree. Component tests must

be conducted to fully evaluate this effect of raceway roundness.

The ball bearing material selected is 52100 steel because of its close
match to the beryllium thermal coefficient of expansion. In gimbals with
less critical fits, LLOC stainless steel is used because of its improved
corrosion resistance. The corrosion in the STARS bearings is considered less
critical because the steps in cleanliness protection will also provide
humidity protection. Other materials in use for ball bearings such as

M50 steel were not selected because more history was available on 52100.
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TABLE 3.3-1. BALL BEARING CHARACTERISTICS

Ball bearing size 112H 116H
Quantity required for STARS 3 1, pitch axis
Bore, inches 2.3622 3.1496
Outside diameter, inches 3.7402 4.9213
Balls, quantity/diameter 19-13/32 20-17/32
Contact angle, degrees 25 %2 25 %2

Weight per bearing 0.92 1.91

Ball retainer

Synthane Oaks Phenolic

Material 52100 Steel, CEVM
Radial capacity, pounds 2500 4500
Thrust 3500 6300

The ball bearing preload levels of 45 pounds and 60 pounds on the polar
and pitch axes respectivelyare based upon concern for the 1-g environment.
The 1-g loading could cause the preload to collapse if it is set too low.
Preloads are low as 10 pounds would achieve intimate ball contact, but handling
and calibration would be severely restricted. The preload selected with the
proper mechanism orientation relative to gravity will allow ground testing

without excessive friction.

The ball retainers must be specially manufactured from high porosity
cotton ph.enolic laminate material to provide lubricant transfer to the balls.
The retainers may be a one-piece design because the ball bearings are separable.
A thorough design analysis of the ball retainer. is necessary to insure adequate

clearances, ball position control, low friction riding features and adequate

lubricant capacity,
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Lubrication

A wet lubrication system has been selected using a mixture of 95 percent
Apiezon ''C" low vapor pressure o0il and 5 percent lead napthanate, The special
additive material contains 31 percent lead which enhances the boundary
lubrication characteristics. The Hughes designation is HMS 20-1727 which
represents the material specification that controls the quality of the oil.

The basic characteristics are listed in Table 3.3-2,

TABLE 3,3-2. HMS 20-1727 OIL CHARACTERISTICS

Density 0.8715 gm/ml
-10

Vapor pressure at 10°%C 2 x 10 Torr

at 20°C 7 x 1077 Torr

o -7

at 50°C 1.1 x 10 ' Torr
Molecular weight 574
Viscosity at 20°¢C 1250 seconds

The selection of the wet lubrication system is based upon the concern
for predictable and consistent friction characteristics because of the
servo sensitivity. Dry lubrication is not ruled out because of travel
distance even though the requirement for STARS is about three times further
than demonstrated. One problem of the dry lubrication is the experimentally obse
deposition of the composite retainer material on the raceway. Should deposits occ
in STARS, they could cause control problems at the low rotation rates expe-
‘rienced, whereas the. viscous torque of the wet system is very predictable
over the life span and temperature range., A secondary concern against
dry lubrication is the compatibility with the oil of the slip rings. The

sections of the gimbal could be isolated, but the added complexity cannot be

justified,

The wet lubricant storage and tramsfer must be designed from an overall
system standpoint to ensure adequate bearing lubrication for the life of
the spacecraft. All materials near the bearings must be screened for outgassing

to prevent contamination of the lubricant,
3-14



Lubricant transfer migration across surfaces and by vapor transfer must be

analyzed to assure proper quantity of lubricant on the bearings at all times,

The conservatively designed lubricant storage system, consisting of oil impregnated
Nylasint reservoirs close to the bearings and a thin oil coating on all internal shaft
and housing surfaces around the bearings, will provide more than sufficient reserve

lubricant application., This is shown schematically in Figure 3.3-1,

The effect on the optics of the small amount of lubricant lost through
the labyrinth seal must be studied further., The labyrinth seals are not far
from the view ports of the sensor cluster but are not in the line of sight., The
effect of 0il on visible light transmission is very small compared to IR but still

requires labofatory tests to confirm acceptable limits of deposition.

Laboratory tests conducted on another program during the STARS study investigated
the breakout friction required for various preloads., The test setup used two
bearings of the 212 size and 15-degree contact angle., The balls were matched
to five millionths of an inch and assembled using a conventional race riding
retainer, The bearings were oiled with HMS 20-1727 to ensure the proper boundary
lubrication and were rum in at each preload setting. Figure 3.3-2 shows the test

data and the extrapolations for the bearings selected for STARS.

Drive Motor

The drive motors selected for STARS are Inland brush DC motors as shown in
Table 3.3-3 for both axes. The size was chosen to provide a 0.5 ft-1b stall torque
at a low current to eliminate undesirable heating effects. The heating is
undesirable because of distortion of the gimbal shafts and because of the limited
current capacity of the slip rings. The motor selected draws only 0.32 ampere at

stall and generally requires only 36 milliamps for tracking.

The motor fields are multipolar permanent assemblies with cartridge brush
holders mounted on the edge. The armatures are wavewound so that it is not necessary
to have as many brushes as poles. The motor is a 16-pole unit and has four brushes,

two being redundant.
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TALLE 3.3-3. DC MOTOR CHARACTERISTICS

Motor designation Inland T-3905
Stall torque 0.5 ft=1b )

Motor size l‘

O. D. 4.44 inches

I.D. 2.93 inches

Length 0.875 inch |
Weight 1.4 pounds
Torque constant 300 in-oz per ampere
Back EMF constant 0.94 volts/radian/second

Motor power, pitch axis

Torque saturation 7.00 watts
Break=~-out friction 0.15 watts
Running friction 0.07 watts

The motors will have cartridge type brushes rather than the standard
cantilever spring type so that the preload is carefully controlled and the
brush length can be increased. The brush life is no problem based on a
vacuum life test conducted on the TACSAT despin assembly. After six months
the brush wear was negligible and the travel was 1,000 times farther than
the STARS requirement. The brush material is 50/50 silver-graphite

vacuum impregnated with the same lubricant used in the ball bearings.

A brushless dc motor is an alternate choice for the STARS gimbal drive,
However, the increased cost and complexity of the motor drive electronics are

the main reasons for not using the brushless design, The continuous rotation
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requirement eliminates the two-pole variety of brushless dc motors, and

the compliance of geared systems is unacceptable from the control standpoint.
The two advantages to the brushless dc motor would be the elimination of brushes
(wear, debris, friction) and the fact that the motor heating element is mounted
to the housing which is more easily cooled. However, since the travel is short,
the wear and debris are minimal, and debris shields can be placed between the
motor and the ball bearings., With the selected approach, the friction is low
but the charateristics of the friction must still be tested for affect on the
servo control concept. The heating aspects of the motor size selected are

insignificant,

Power and Signal Transfer

The electrical power and signal transfer across each axis requires slip
rings on both the polar and pitch axes. The sensor clusters have 4l wires
for the separate functions and power forms as listed in Figure 3.3-3.

When these requirements are added to the wiring for the gimbal, the pitch
axis requires 74 slip rings. A number of considerations were given to
methods of reducing the quantity of slip rings. The six low volfage power
leads could be reduced to two by placing an electrical conversion circuitry
on the gimbal. The wedge motor drivers could also be placed on the gimbal

to reduce the wire count. These options were not recommended because

of increased weight causes growth in all structural elements of the
gimbal and the increased power causes additional thermal dissipation problems,
The photomultiplier high voltage power supply is placed on the gimbal because
of the difficulty of transferring high voltage in conventional slip rings.
Signal multiplexing was considered, but since 14 of the 24 signals are

timing pulses the additional complexity of the clock and sample circuitry

are not worth the wire count reduction., Further definition on the signals

and multiplexing methods may make it worthwhile to reevaluate this option.

The slip ring design selected is a hard gold-plated finish with wire
brushes of Ney-Oro-G gold alloy. Figure 3,3-4 shows the basic arrangement
of a 75 slip ring design. Poly-Scientific was consulted on the spacing and
size required for the STARS pitch axis, The slip ring assembly is molded
in the form of a hollow cylinder with the leads exiting the edges as
shown in Figure 3.3-4. The cylinder is slipped on the shaft and secured with
a nut. The brush blocks are separately mounted to the housing and aligned
to the slip ring after the gimbal is assembled. Brush pressure can be tested
by inserting a hook through access ports on the brush block. The brush block
contains redundant brushes on each ring.
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The slip rings are lubricated with HMS 20-1727, the same oil as used
in the ball bearings. Hughes has conducted vacuum testing on two small

diameter versions of the design proposed. The test articles had 17 slip rings
of 1/8 inch diameter, one article lubricated with HMS 20-1727 and the

other lubricated with F-50 oil. The slip rings were turned at 60 rpm

and carried a total of 1.5 ampere continuously. The signals circuits

operated with noise of less than 1 millivolt for 9000 hours using either
lubricant., The power circuits operated better with HMS 20-1727 oil but

power circuit noise started to increase after 2600 hours. After power
interruption at 5400 hours and a few days of idle time, the power

circuits operated satisfactorily for another 3600 hours., The reason for the
noise: on the power circuits is most likely due to local oil depletion due

to the high speed and high continuous current.

The STARS slip ring assembly contains a larger mass of ring material and is
coupled to the large gimbal shaft so that temperature is well controlled. The
STARS rotation rate is so low that mechanical heating is not a significant
factor on o0il depletion, These items combined with careful current derating
will allow the oil lubricated slip ring to meet the noise and life requirements
for STARS. Should any other experience indicate a further oil depletion
problem, the addition of an oil wick that contacts the slip ring would solve

the problem.

Alternate slip rings designs using silver - MoS, brushes with silver slip

rings were considered for STARS. These designs are sell developed for the
Hughes despin assemblies on the communication satellites for long life at

60 rpm. The main disadvantage of the dry composite brush design is the increased
volume. The slip ring assembly would have to be twice as

long as for the gold wire assembly and have a larger cutout on the housing

for brush access. Another disadvantage is the high friction torque of the

dry brush because the preload is at five times higher for equivalent noise

performance, The resulting 4 in-oz increase in torque is quite significant

considering the total budget of 14 in-oz.
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TABLE 3.3-4. INDUCTOSYN CHARACTERISTICS

Manufacturer

Rotor (input)
Stator (output)

Base material
Weight
Configuration
Electronic quantization
Excitation frequency
Electrical dissipation
Accuracy:
1/revolution

512/revolution

Repeatability

Decentering error per

.001 inch
Air gap

Farrand Controls, Inc.

5.75 inch OD, 2.00 inch ID,
thick

7.00 inch OD, 2.67 inch ID,
thick

Beryllium

2.3 pounds

512 poles, binary coded
219, 2.47 arc-seconds
2 kHz

1 watt

0.68 arcseconds
1.32 arcseconds

0.20 arcseconds

0.40 arsecond
0.005 to 0.010 inches

.312 inch

. 312 inch
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Shaft Angle Transducer

The system error budget sets a resolution requirement for the gimbal shaft
angle transducer of 219 bits (2.%7 arcseconds). However, an absolute angle measurement
is not necessary because a register with a once-per-revolution reset can maintain
the total angular position. The disadvantage of the absolute transducer is the
complexity of the device compared to digital registers, However, there is a minor
operational disadvantage to the incremental system because initialization is

necessary after power interruption.

The Farrand Inductosyn as described in Table 3.3-4 was chosen as suitable for
STARS. The Inductosyn transducer is an inductive device that functions as a
multispeed resolver. The rotor and stator windings are flat metallic deposits
bonded to flat annular rings. These devices have been used for precision machine
tools, air bearing tables and for space. The Inductosyn is the only device that is
completely developed and meets the gimbal requirements of signal accuracy with 219
bit resolution, long life with no apparent wear-out modes, and configuration compati-

ble with the gimbal.

The Inductosyn also has the following desirable features for the STARS

gimbal application:

L) Low error sensitivity to misalignment and runout. This feature
will allow installation at the gimbal assembly without separate

bearings.

2) Analog output allows finer resolution if required for servo

control or for position readout.

3) Disc substrate may be metallic for enhanced structural capability
for launch survival as compared to translucent materials used in

optical encoders.

The less desirable aspect of the Inductosyn is the electronics required for
the accurate sine and cosine input signal generation. The input sine and cosine also
requires amplitude determination and conversion to digital data to be compatible with
commanded inputs and telemetry. The CVN pulse converter electronics has been developed
by Farrand for the Inductosyn. The CVN system consists of an analog amplifier,
digital logic, clock and counter circuits. The Inductosyn produces a position error
signal which gloses the loop of an electronic servo based upon the excitation signal.

Digital output signals are supplied to count up, count down and for no motion. The
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pulse rate can be as high as 500,000 per second (STARS only requires 600 per second) .

Other shaft angle transducer concepts were considered for STARS including optice
types, variable reluctance, variable capacitance, magnetic core, variable
inductance and contact brush types. The requirement for Q19 resolution eliminates
all of these devices except the optical and the variable inductance types. The other
concepts involve mechanical tolerances that are beyond state-of-the-art control

considering the fine resolution required.

Several companies in the transducer business produce 19-bit optical encoders
with a configuration compatible with the §TARS gimbal concepts. Many of these
designs are qualified to military specifications but all require some modifications
for the vacuum environment. The basic incompatibility with the STARS requirement
is the incandescent lamp life. The MIBF for the lamps is at best 20,000 hours which
is unacceptable for even a one-year mission. The reliability for two lamps in standby
redundancy for one year is 0.87 without consideration for launch degradation. This

low reliability forces the consideration of devices not using incandescent lamps.

Table 3.3-5 lists three different encoders that were designed for space
application. The Theodosyn utilizes incandescent lamps, so that it is not a serious
candidate. This device is shown however because it has been qualified for very
severe environments for NASA, Air Force and Navy programs. The concept of using
a V-scan pattern up to a 214 type resolution and then processing the analog output
to higher resolution was used in the Theodosyn and the Baldwin encoders listed in
Table 3.3-5. Baldwin extended the life by using gallium arsenide emitters to
eliminate the wear-out mode. The STARS gimbal configuration requires a fhrough
hole in the shaft angle transducer to pass the structural mounting for the star
sensors and wires to the star sensors. The Baldwin miniature is a compact

device without a through hole, so it will not fit as presently configured.

It must be recognized that even if an incremental optical encoder using
gallium arsenide sources were developed, the highest 3 or 4 bits would be achieved
by amplitude interpolation of the output. Since the position is interpolated by
amplitude, the accuracy is dependent on gain stability over the orbit life.

To avoid interpolation, a direct readout grid yielding 219 incremental output would
have to be about 60 inches in diameter because of refraction problems. Even

. 1 . R .
at the grid spacing for 2 > bits the gallium aresenide sources must be run at high

power levels for useable signals and therefore, the reliability is not much greater



than lamps. The Inductosyn is therefore the logical choice for the STARS application

since the stability of the resistance windings is hardly questionable.

Since the Inductosyn with the DVN converter is an incremental system, a
reset signal is required once per revolution., The accuracy of the signal is less
critical than the Inductosyn output because it just has to repeat within the same
2.47 arc-second interval to reset the register, The index pulse may be generated
by a light sensor when a mask opening allows view of a light source.

Gallium arsenide sources are readily available in a dual form for redundancy and
an optical index 1is more suitable than a magnetic device because of the requirement
for a sharp crossover at very low rates. Life is no problem because of redundancy,
and this device is only turned on if a reset is required., Hughes has qualified

a dual LED for use on the Multispectral Scanner System for ERTS that could be

used for STARS.
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3.k Gimbal Characteristics

ine paselline gimbal configuration is designed to optimize the weight, power
and volume while meeting the functional requirements of STARS, The component
selection of Section 3,3 and the structural description of Section 3.2 outline the
basis for the weight list shown in Table 3.4-1, The total weight of the mechanism
is 34.5 pounds with over half of the weight in the installed components. This
comparison is an indication that the choice of a design without launch locks is

appropriate. Any structural weight saving by the addition of launch locks

would be very small since.

1. The accuracy requirements impose 10 inch spacing on the ball

bearings.

2. The high bandpass gimbal servo requires a stiff structure about the

rotation axes.

3. The bearing weights cannot be significantly reduced because of the

bore requirements.

In addition, the structural weight savings of a launch locked system are offset by
the weight of the locks, the lock supports and the squib driver system. However,
since the bearings selected are an efficient size for the calculated loads, increases
in the payload weight or launch loads could force reexamination of this design

approach because larger bearings are less efficient.

Torque Budget

The gimbal torque budget is listed in Table 3.4-2, The torque requirement for
the pitch axis is higher than that of the polar axis because the preload on the
bearings is different and one bearing is larger. However, the requirements are so
close that the samce motor is used on each axis. The torque listed is the breakout
friction based on the measurements described in Section 3.,3; the running torque
is expected to be about two-thirds of the breakout level for the ball bearings. The
breakout characteristics require further definition for the ball bearings as well as
the slip ring and motor brushes. The torque margin is more than adequate so the
addition of dither of 24 inch-ounces could be accommodated for test purposes. If
dither were incorporated in a flight design, the motors would be wound with less
resistance to provide as least 4 times torque margin at 22 volts. The power

budgét associated with this gimbal drive design is listed in Table 3,4-=3,
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TABLE 3.4-1. STARS WEIGHT LIST

Major Components

Motors (2) 2. 8 pounds
Inductosyn (2) 3.2
Ball bearings (4) 4,7
Preload springs (2) 4.0
Slip rings and brush block (2) 1.6
Oil reservoirs .2
Wire harness and connectors .0
Thermal wrap 0.3
17. 8 pounds
 Structure - Beryllium
Pitch housing 3.4
Pitch shaft/polar housing 6.9
Polar shaft 3.8
Fittings and covers 1.8
Bolts and fasteners 0.8
16.7
Total Gimbal Weight 34.5 pounds

3-28




TABLE 3.4-2. TORQUE BUDGET
(Inch-Ounces)

Polar Axis Pitch Axis
Ball bearings breakout 7.4 11.2
Slip rings 1.3 1.0
Motor brushes 1.8 1.8
10.5 14.0
Torque saturation 96 96
Torque margin 9.1 ~ 6.8

TABLE 3.4-3. POWER BUDGET

Peak Running
Motors 14.00 0.30
Inductosyn 2.00 2.00
Position Reference .06 A 0

16.06 © 2,30
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Error Analysis

The ball bearing error analysis based upon the 10-inch spacing is listed
in Table 3.4-4. The total error of 1.15 arc-second results from detailed
considerations of tolerances and some uncertainties such as particle size of
contamination and residual brinell spots due to launch loads. Early in the
study a spacing of 15 inches was considered, but this was reduced to 10 inches

in view of the weight saving and of the small impact on errors.

A breakdown of the errors of the Inductosyn including the CVN converter
electronics is shown in Table 3.4-5. The Inductosyn is calibrated against a master
unit at Farrand, Inc. where the least error centering position is marked on the
stator. The errors shown in Item A and B-1 are the best fit for a disc pair. The
rotor is aligned to the bearing center of rotation of the shaft using a dial gage
mounted to the housing. This procedure requires the ball bearings and preload
system to be intact prior to installation of the Inductosyn. The runout of the
rotor can be as great as 0.0003 inches to be within the error budget. The stator
is then installed with a runout of the magnitude and direction as marked by Farrand,
Inc. The tolerance of matching the required installation is the same as the rotor
installation requirement 0.0003 TIR. The discs may be out of plane (wobble) by as
much as one arc minute with only a 0.2 arc second effect on the accuracy. There are
also separate budgets to allow for the random shift of the bearings due to ball
effects and a bias shift of the bearing centers after launch such as asymmetrical

thermal effects and brinell marks.

After the installation,a polygon can be used to verify the accuracywithin
the resolution of the register. The discs can then be drilled and pinned into the
final position. The pinning method is the most reliable method of minimizing
shifts of the bolted surfaces under thermal and load cycles. Since the beryllium is
difficult to work with at this stage of assembly, steel inserts are required in both
parts of each junction. A number of plugs are necessary as an allowance for disas-
sembly.

Life Comparison

Many of the elements of the gimbal have basic wear-out modes which still
allow large safety margins over the life requirements of the STARS gimbal. The
experience developed at Hughes on each of the wear items is listed in Table 3.4-6.
The applicable in-orbit data are based on TACSAT performance. The other data were

developed in vacuum chambers at Hughes.
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TABLE 3.4.-4 ERRCR ANALYSIS FOR EACH GIMBAL AXIS

{Two bearing pair locations per axis: separated 10 inches)

T
Assigned Arngular#*
Value Contribution
Error, Maximum, in Assembly,
Item [Class* Error Quaatity Definition . microinches microradians Remarks

1 E -} L (1IRB-IRG)e Eccentricity. lInner race 60 Not Each inner race marked with high spot.
‘groove to inner race bore applicable High spots of bearing pair aligned, thus
{TIR) . causing residual errot due to a} magniiu'de

difference between race eccentricities and

2 RE L {(IRB-IRG)e Residual error of 1 15 15 _ 1.5 b) deviation in true high spot location and

. 10 . alignment.
3 U L (IRB-IRG}e Uncertainty of 1 15 15 _ 1.5 Uncertainty in (E) L ({RB-IRG)e’
[T A measurement.

4 U L (IRRF-IRG)AW [ Orthogonal component (radial 7.5 15 1.5 Axial wobble high spot rarely coincides
direction)., Axial wobble of 10~ with eccentricity high spot so that cor-
inner race groove to inner rection cannot be made simultaneously
race reference face for wobble. Assumed worst case for

: opposite bearing pairs diametrically
opposed; however, mean was assumed
within each bearing pair.

5 U L (B-B)V Variance. Ball-to-ball 5 10 - 1.00 Assuming: larger balls (1/2 of the
diameters (for bearing 10 . complement) diametrically oppose smaller

’ ball complement) balls. Worst possible case — buth bearing
pairs. .

6 u L PC Size of particulate 45 45 _ 4.5 Assuming: some particles at times enter

contamination 10~ ° ball tc race contact and not necessarily
simultaneously in both bearings and pairs
in diametrically opposed locations.,

7 E L (SH-IR){ Fit between inner race Inter- 0 Interference to exist over cntire opera-
bore and shaft ference tional thermal range.

8 E L (H-OR){ Fit between outer race Inter- ]
and housing fereuce

9 E L(Bl—ﬂz)c,SH Shaft eccentricity between 60 Not Combined with item |, ruces are angularly

. ' bearing locations 1 and 2 applicable positioned to minimize vifective total
{TIR) : cccentricity; i.e), shaft rotational axis
defined by race grooves.

10 RE L {(#1-29)) e, SH| Residual error of shaft axis 20 30 j
definition (1 and 9 ) 10 ~
combination)

11 U L [(é1-%9)] ¢, SH | Uncertainty of shaft axis 15 15 _ 1
delinition (1 and 9 o owstbs
combination}

12 U L {(=1-29)) e,SH,| Uncertainty in 1 and 9 com- 2.5 - 0. 50 Thermal differential expansion induced

TH binatica due to nonhomo- 10 ’ change in initial interference fits may
gencous response to thermal not take place equally everywhere due to
changes nonhomogencity of structures and materials.

13 u LBC(IR-OR] e, Ball contact position change 2.5 _5 0.50 Even if both inner and outer races expcrience

TH due to outer race to inner 10~ ™ identical change in temperat (no gradient
g perature g )
R race thermal condition and if both bearings experienced identical
change change, larger outer race will change at a
higher gate than inner race. Contact angle
shifts, Assume: bearing pair (1) experiences
thermal shift larger or smaller.than that
expuricnced by bearing pair (2) this causes
4 anglc uncertainty (13) due to difference in race
curvatures and ball sizes between bearing
pairs (1) and (2). :

14 u L. (OR-HSG)e, Housing to outer race 2.5 3.0.50 Original outer race and housing ecrors {as

TH induced eccentricity change 10 ' assembled) are lumped in an offset angle
due to nonhomogeneous error — a constant, However, if changes
interference fit change duc occur, the offset angle changes in an
to thermal variations unpredictable manncre.

15 3] IDS(LE) Uncertainty due to launch 30 30 3.0 75% Brinell spot depth of indentation in one
environment caused Brinell 10~ 7 bearing, taking total load in radial direction,
spots (60 g peak acting for > 1 second).

+E: error, RE: residual error, and U: uncertainty.

microradian = 0. 206 arcsec.

DS S o R . - 0. .
Bulk tempcratiice variation limited to + 107F; radial vradient imited te 370 maxinum,
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TABLE 3.4-4., (continued)

. Quanti'ty*
Error Quantity, Squared,
Item microradians microradians Extension
SUMMARY
2 1.5 1.5 Z =5 (errors)
10 3.0 9.0 Rss = 3.24 microradians
~ 0.7 arcsec
3 1.5 2.25 X = 37.8 (uncertainties)
4 1.5 2.25
Rms = 37.8
5 1.00 1.00 -1
6 4,5 20.3 2=2.17 microradians
~0.45 arcsec
11 1.5 2.25
12 0.50 0.25
13 0. 50 - 0.25
14 0.50 0.25
15 3.0 9.00
Therefore: Total error and uncertainty contributions (maximum) =
- 0.70 + 0.45 = 1,15 arcsec
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TABLE 3.4-5. INDUCTOSYN ACCURACY

A, Errors systematic with poles
(512 per revolution)

B. Errors systems per revolution

1. Centering indication on Inductosyn discs

2. Effect of bearing bias

3. Rotor to housing alignment
4. Stator to shaft alignment
5. Wobble

6. Bearing random effect

RSS TOTAL

0.45 arcseconds

0.10

1.72 arcseconds
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TABLE 3.4-6. LIFE COMPARISONS

Hughes Experience Goal
(Revolutions) (Rev. = 3 years)

Motor brushes

TACSAT ~67 x 10° . 1.8x10%

Laboratory test (vacuum) 21 x 106
Ball bearings

TACSAT ~67x 10° 1.8 x 10*
Slip rings

Laboratory test (vacuum) > 32x106 1.8x104
Lubrication supPIY.

TACSAT ( 2-1/3 years ~67 x 10° 3 years at

at 55 rpm) 16 rev/day

The laboratory data is actually more suitable for engineering evaluation
because the articles can be examined for failure modes after the test period.
The laboratory test on the TACSAT despin motor for instance showed less than
0.005 inch of wear on the brushes after 21 x 106 revolutions., The wear life
of all elements is also dependent on the lubrication supply for the’
duration of the mission. TACSAT has already verified 2-1/2 years and
current despin assemblies have a design life far in excess of 10 years for the
0il supply. The STARS lubrication system also has the advantage that
all elements use the same oil lubricant so there is no requirement for special
sealing between elements, However, extra care on the labyrinth seal design
will be required on STARS due to the proximity of optical elements to rotary

interfaces.



3¢5 Servo Analysis and Simulation

Introduction

To establish a baseline design capable of meeting the high
accuracy requirements (1.8 arc sec, rms, per axis) of the STARS and to
investigate the effects of friction and other non-linearities on performance,
a preliminary design study of a direct drive servo suitable for the STARS

gimbal drives was undertaken,

The performance requirements and design constraints for the STARS gimbal
servos are listed in Table 3,5-1., The required positioning accuracy
(8.72 p rad, rms) is that allocated to servo, exclusive of errors in
the gimbal angle sensor itself. The principal sources of error that have
been considered include the effects of friction and stiction, and error
signal quantization. Of prime importance is the stiction characteristic,
The baseline servo design is predicated on an elastic stiction model
which presents a much more difficult constraint than that of the classical

stiction model.

There are many candidate approaches which could be considered in the
servo design. Since feasibility was the principal question to be answered,
however, attention was concentrated on the most promising mechanization.

The servo employs a direct drive torque motor, an Inductosyn operated
as an incremental shaft encoder, digital error signal processing, and analog
shaping. The problem of initial angle acqusition was also studied, and the

requirements for such acqusition have been established,
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SERVO LOOP REQUIREMENTS AND CONTRAINTS

TABLE 3,5-1

| POLAR AXIS

PITCH AXIS
2
Load Inertia, Slug-ft 1.5 .05
Friction Torque, ft-1b .05 .05
Stiction Torque, ft-1b .1 .1
#Stiction Break Away Angle, u rad 200 200
Nominal Rate, [ rad/sec 1000 .02
*%Position Error, |. rad RMS <8.72 < 8.72
L
% Applicable only to elastic stiction model. See discussion in
section on Friction Model.
*% Applies to total random error, excluding error in gimbal angle
sensor. See discussion in Error Summary.
DITHER g
COMMAND R ERROR o b
INPUT —] POSITION > — > ANALOG - POWER » €
REGISTER ADDER REGISTER D/A SHAPING SWITCH AMPLIFIER TRAUE
3
ACTUAL INDUCTOSYN
TN LIMITING
20 BITS LOGIC
[ Y 4} !
PULSE
CONVERTER

Figure 3.5-1.
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FUNCTIONAL DESCRIPTION

A block diagram of the servo ﬁnder consideration is shown in Figure'3.5,1

The operation is as follows:

The commanded position is contained in a 20-bit register (CPR) which is
incremented at the required gimbal angular rate. The actual position is con-
tained in a second 20-bit register (APR) which is updated by signals from a
pulse converter and Inductosyn. The pulse converter generates a pulse and
direction sense signal for each .0005 deg (8.75 | rad) change in the shaft
position. Provision is also included for an initialization pulse at a cali-
brated shaft position. The Inductosyn and pulse converter together operate as

an incremental shaft encoder.

The position errof, represented by the difference between the CPR and APR
data, is sampled at a high rate (2 2000 per second). Only the 8 least significant
bits and the sign bit are stored, providing a linear range of + 0.128 degrees for
the error signal. Appropriate logic is employed to saturate the error register

for larger error angles.

After conversion to analog form in a 9-bit D/A, the error signal is operated
on by a lag-lead, lead-lag shaping network, using an operational amplifier and
R-C elements. The amplifier output is limited to the desired saturation torque
capability. This prevents excessive capacitor charge for large errors which

could prove troublesome for initial acquisition.

Torque dither is employed in the polar axis servo (inner gimbal) only for
the inelastic stiction model. Dither is ineffective and therefore not used in the
elastic stiction model (baseline). It is not required in the pitch axis servo
since the gimbal rate and inertia are high enough to preclude stick-slip operation.
The torque generated by the brush-type d-c motor is controlled by a power amplifier

using armature current feedback.

To enable acquisition when large initial sé}vo errors exist, the gimbal rate
is limited to a relatively low value. This is done by using the pulse rate from
the pulse converter as a measure of the angular rate, and applying a decelerating
torque whenever the reference rate is exceeded. This results in a bang-bang rate
control loop which is operative only at the high rates encountered during initial

acquisition.
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FRICTION MODEL

The dynamics of the servo for very small motions is quite dependent on
the friction-stiction characteristics. The classical model (referred to here
as the inelaétic model) assumes that whenever the bearing is '"stuck', no motion
will occur until the applied torque exceeds the stiction torque. Once in motion,
a constant friction torque opposes the motion. Any change in the direction of
the motion will result in a "stuck" bearing unless or until the applied torque

exceeds the stiction torque.

Recent tests on a representative bearing have provided a rather different
picture of the stiction characteristic. The tests appear to indicate that there
is an elastic region about the stuck position. A restoring torque approximately
proportional to the deflection angle acts on the shaft. Break away occurs only
after the deflection exceeds some angle which appears to be large compared to the

allocated error of 8.7 | rad.

This has a significant effect on the dynamical behavior at small error angles.
It also places some important constraints on the servo parameters and on the mode
of operation. 1In particular, the polar axis servo must be powered continuously
rather than intermittently as would be possible if stiction were of the inelastic
type. Dither is of little value in minimizing the errors due to elastic stiction,
and therefore the torque gain must be higher than would otherwise be necessary.
As noted earlier, the stick-slip mode can be avoided in the pitch axis servo

during steady state operation because of the higher angular rate and load inerta.

Because of its more serious impact on servo design and performance, the
elastic stiction model has been assumed in the baseline design. However until
more definitive tests of the bearing stiction can be performed, the appropriate
stiction model must be considered in doubt. Therefore both models have bzen

investigated in the simulation study.
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SIMULATION MODEL

A block diagram of the servo loop used in the simulation is shown in Figure
3.5-2, Besides the linear model of load dynamics shown, two friction-
stiction models are provided as shown in Figures .3,5-3 and 3.5-4. A complete listing
of the program is attached. Definitions of the principal parameters are contained

in the listing and correspond to those used in Figure 3,5-2,

In evaluating the servo performance, the true error signal is used. This is

obtained by taking the difference between the inputs to the two quantizers.

Limiters have been included on the quantized error signal and the shaping
network output to represent the effects of such limit levels in an actual
mechanization. These 1limit levels are reached only during the initial acquisition

transient, however.

The shaping network, though programmed in a cascade configuration, would actually
be implemented with a single-stage operational amplifier. Because of the large
differences in inertias between pitch axis and polar axis gimbals, different shaping
network parameters are required. However the transfer functions are of the same form

in both cases.

Table 3.5-2 lists the baseline parameters for each servo, Assuming the elastic
stiction model, the d-c torque gain, K, for the polar axis servo must be greater
than LZ/Q = 11400 ft-1b to insure that a one-step error will produce break away
torque. A lower gain may be used in the case of inelastic stiction, if the ampli-
tude of the dither exceeds Lz.'

Using a value of K = 15000 ft-1b/rad, and the specified inertia of .05 ft~1b-
secz, it is seen that the undamped natural frequency of the polar axis servo loop
is ay = V_E73.= 547 rad/sec = 87 cps. With the shaping parameters selected, the
damped natural frequency is about 55 cps. At such high frequencies, the effect
of elastic structural modes on stability must be carefully considered. This has
not been done in the present study because the necessary modal data is not
available. However it represents an important additional constraint which must

be accounted for in a detailed design.
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IABLE 3 5 2
SERVO LOOP PARAMETERS

PITCH AXIS POLAR AXIS
Error-To-Torque Gain, ft-1lb/rad 10,000 15,000
T, 0.1 0.02
Lead Time Constants, sec.
\T3 0.075 0.015
T, 0.5 0.25
Lag Time Constants, sec. T2 0.01 -0.0015
T4 0.0025 0.001
Exror Sampling Period, sec. <.0005 <.0005
Damped Natural Frequency, Hertz ~ 14 ~ 55
Shaft Angle Data Quantization, u rad 8.8 8.8
Error Saturation, |4 rad 2253 2253
Rate Limit for Acquisition, U rad/sec 35000 50000
Torque Saturation, ft-1b 0.5 0.5
Dither Torque Amplitude, ft-1b 0.125 0.125
tDither Frequency, Hertz 170 650
Motor Constant, ft-1b/Vwatt 0.189 0.189
(Based on Inland Motor T3905)
Motor Power, watts
At Torque Saturation 7.0 7.0
At Stiction Torque 0.28 0.28
At Friction Torque .07 .07

*Applicable only to inelastic stiction model. Dither not used in elastic
stiction model.

For the pitch axis, the d-c torque gain need only be high enough to avoid
excessive droop error due to running friction since the stick condition does not
occur in the steady state. Thus K 2 L1/Ess, where Ess is the allowable steady

state droop error. The value of K = 10000 ft-1b/rad chosen for the pitch servo

implies a nominal droop of 5 u rad.
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TABLE 3,5-3

ERROR SUMMARY

PITCH AXIS

Systematic Bias

Random Bias

Short Period Variations

Long Period

5 W rad Mean Droop

100 . rad per ft-1lb Uncertainty in
Friction Torque

+ 0.2 4 rad Due to Quantization at
Frequencies above 5 cps.

Diurnal Temperature Effects (Same Error
Coefficient as Random Bias)

POLAR

AX1S

Systematic Bias

Random Bias

Short Period Variations

Long Period Variations

5 W rad Mean Droop

~ 27 u rad per ft-1b Uncertainty in
Stiction Torque

+ 2 | rad Due to Quantization at
Frequencies Above 5 cps.

~ 30 to 35 u rad Peak Error Lasting
~ 0.1 sec, every ~ 1000 sec.

+ 4.4 U rad Cyclic Error with 44 sec
( Period

«+ 2.7 U rad Cyclic Error at Stick-Slip
l Period (~ 1000 sec)

Diurnal Temperature Effects (Same Error
Coefficient as Random Bias)
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ERROR SUMMARY

In considering the various types of servo positioning errors, it is im-
portant to distinguish between those which have an effect on the accuracy
of the spacecraft attitude control system and those which do not. The servo
errors may be grouped into bias errors and time varying errors. Bias errors
may further be categorized as systematic (those which can be compensated) and
random (those which cannot). Time varying errors may be categorized as short
period and long period. Short period errors are of concern primarily as noise
sources which must be adequately filtered to avoid problems due to saturation in
the attitude control loops. Long period errors in general cannot be compensated
and may be considered essentially equivalent to random bias. 1In the present
study, time varying errors whose frequency components are above 1 Hertz are

treated as short period errors.

The principal source of systematic bias error is that caused by friction
and finite d-c torque gain, sometimes referred to as servo droop error. In the
pitch axis the droop error is proportional to the nominal friction torque. In
the polar axis, the droop error is proportional to the nominal stiction torque,
being the mean of the cyclic error in the stick-slip mode. By definition, the

nominal friction and stiction torque levels are known and thus can be compensated.

Random bias errors are due principally to deviations from the nominal friction
and stiction levels caused by off-nominal temperatures and/or wear-in effects.
The uncertainty in these levels is, by definition, uncompensatable and must

therefore be treated as a random effect.

The principal sources of time-varying error in the polar axis are due to error
signal quantization and to stick-slip effects. They have both short term and long
term components. Additional sources affecting both pitch and polar axis servos
inélude a short period limit cycle due to error signal quantization, and long period
errors due to diurnal temperature changes. A more detailed discussion and evaluation

of the polar axis servo errors 1s contained in the section on Simulation Results.

Table 3.5-3 presents a summary of the error sources and magnitudes obtained from
the results of computer simulations. In computing the total RMS error for each
servo, only the random biases and long period time vérying errors have been
included. Based on an assumed + 507 (10) bias uncertainty and diurnal variation
in the friction and stiction torque levels, the total RMS error in the pitch

axis servo is 3.5 u rad, and in the polar axis servo is 7.7 p rad.
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SIMULATION RESULTS

The output of the PDDSS* simulation program provides a sampled-data tabu-

lation of the following variables:

Q-INPUT - Quantized Input (4 rad)
Q-ERROR ' Quantized Error (i rad)
T-ERROR True Error (u rad)

RATE Angular Rate (U rad/sec)
TORQUE Motor Torque (ft-1b)

The values of 20 parameters are identified in the heading and may be varied as
désired. The definitions of these parameters are contained in the program

listing. Note that angles and angular rates in the printout are in units of

(W rad/sec.

Six computer runs are presented to show the characteristic ramp and step
input responses. To avoid excessively long computer printouts, the sample period
has been made longer in some cases than would be desirable for showing all of the

detail. A discussion of each computer run follows:

Figure 3.5-5 shows the pitch axis acquisition with an initial error of .02 radiams.
This is a large enough error to saturate the servo amplifier input for about 0.6 sec,
and is therefore representative of the acquisition behavior for arbitrarily large
initial errors. The rate limiter prevents the average rate from exceeding .035
rad/sec. during saturation. Without this limiter the rate could become too large
for successful acquisition. The computer run was terminated somewhat before steady-

state conditions were achieved.

Figure 3.5-6 shows the pitch axis behavior while following a ramp input of 1000
rad/sec, starting with zero rate initial condition. The stiction break away angle
was set at 200 u rad. Break away occurred at 0.22 sec, after which the rate re-
mained positive and the error settled down to the nominal droop error of 5 M rad.
The error jitter of about + 0.2 |t rad in t he steady-state is due to the effect of
error signal quantization. Note that the quantized error limit cycles between 0

and 8.8 p rad to maintain an average motor torque equal to the friction torque.
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Figure 3,5-7 shows the polar axis acquisition with an initial error of .02 rad.
As in the case of the pitch acquisition example, this is large enough error to

be representative of arbitrarily large initial conditions. Stiction break away
occurred at .0066 sec and the bearing restuck at .4236 sec when the rate changed
polarity. Since the error never exceeded the break away angle of 200 p rad
thereafter, the bearing remained stuck and all subsequent motion was due to the
elasticity. 1In the latter end of the run, the beginning of a limit cycle between
0 and -8.8 | rad (quantized error) is apparent. This is due to the residual
stiction torque. Note that the range of jitter in the true error is considerably

less than 8.8 | rad.

The nominal polar axis rate is 0.2 | rad/sec. For a quantization of 8.8 U
rad/sec per étep, the period between steps will be 44 seconds. Since the transient
settling time is only a fraction of a second, the principal polar axis motion is
characterized by a staircase waveform. Thus the long period error waveform is a

saw~tooth with an amplitude of + 4.4 H rad and a period of 44 seconds.

The effect of elastic stiction is to add an additional cyclic error whose
beriod depends on the stiction break away angle. The steady-state droop error
builds up with each step, due to the elastic stiction torque, until the break
away angle is reached, whereupon the cycle starts over. A larger than normal
transient occurs on the break away step because of the large change in stiction

torque after break away.

Assuming a stiction break away angle of 200 U rad, there will be about 23 steps
per stick-slip cycle with an overall period of about 1000 seconds. It is impractical
to simulate the servo response over such a long period. However it is possible to
simulate the response to any single step by establishing the appropriate initial
conditions. IIf we examine the response for the break away step and for the step
immediately preceding, we can infer what the short and long period errors will be

over the entire stick-slip cycle. These are presented in Figures 3,5-8 and 3,5-9,
respectivelys : _

The initial conditions in Figure 3.5-8were set as follows: X3 = X, = X = 0.1 ft-1b,

and C, =-195 U rad. Break away occurred at .0064 sec. after the input step of
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8.8 W rad, and the bearing restuck at .0178 sec. an overshoot of about 32 (. rad
occurred during the transient with the principal part of the transient lasting
about 0.1 sec. The droop error after the transient will depend somewhat on the
servo parameters but will generally be less than 1.0 {; rad. In Figure 3,5-8 steady-

state conditions have not quite been reached in the 0.4 sec. period shown.

The initial conditions in Figure 3.5-9 were set as follows: X3 = X4 = X5 = ,095 ft-1b,
and Co = =190 u rad. Although the input step size was 8.8 U rad, the resulting out-
put step was only about 3.4 | rad. This difference of about 5.4 U rad is the droop
error caused by the elastic stiction torque, modified by an effect due to the limit

cycle resulting from error quantization. If there were no quantization, the droop
Lo (C - C

and would be 6.7 U rad just
K C2

error could be computed directly from E =

before break away for the assumed parameters.

In summary, the polar axis response involves two long period cyclic errors
plus a sizable short period transient. One of the long period errors is due to
error signal quantization (+ 4.4 (i rad amplitude, 44 sec. period), and the other
is due to elastic stiction (+ 2.7 W rad amplitude, ~ 1000 sec period). At times
during each stick-slip cycle these errors will add. A short period transient error
of about 32 |4 rad, lasting about 0.1 sec, occurs at stiction break away. There is
also a short period jitter of about + 2 | rad amplitude due to the limit cycle

effect.

By way of comparison the single step response of the polar axis, using the
inelastic (classical) stiction model is shown in Figure 3,5-10, A dither torque of
0.125 ft-1b amplitude at a frequency of 650 Hertz has been added. When the dither
amplitude exceeds the stiction torque level, the shaft will oscillate continuously
through a small angle. This virtually eliminates the effect of stiction on the
servo response. After the step-induced transient subsides the servo error goes to
zero, except for the small residual effect of dither. The only attitude control

system error resulting is the + 4.4 | rad amplitude saw-tooth referred to earlier.
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Figure 3.5-10.
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Plot of Polar Axis Single Step Response

Stiction With Torque Dither, Classical Stiction Model
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PITCH AXIS INITIAL ACQUISITION

THURS, 05/13/71

PDDSSx 8t 42
0 = .5 Tl = 1
R = 20000 Rl 2 0
e = N ) Ll = 005
K = 10000 J = 1.5
TINE  Q-IWPUT  Q-ERROR
o0 20000,0 2253,.0
03 20002.4 2253,.0
0T 20002.,4 22%3,0
ol 20002 ,4 2253,0
o3 20002 ,4 2253,0
2 20002.4 22%8,0
25  20002.4 2253.0
o3 . 20002 ,.,4 2253,0
35 20002.,4 2298,0
o4 20002 .4 2293,0
43 20002.4 2253,.0
3 20002,4 2253,0
55 20002 .4 2253,0
o6 20002 ,4 1012,0
83 20002 .4 17.6
«§79% 20002 .4 =140 .8
75 20002 .4 44,0
85 - 20002.4 44,0
o - .20002,4 26,4
95 20002 .4 26,4
1o - 20002 .4 17.6
1.09 20002 .4 8.8
1ol 20002 ,4 8.8
1.19 200024 8.8
.l&g 209@20‘ oﬂ'
1.25 20002 ,4 «@
1.3 20002 ,4 .0
I.SS .209926‘ .0
1.4 20002 .4 0
1,45 20002,4 0
l .S . 20902 .‘ Oo
1.99 20002 ,4 8,8
1€ 20002 ,4 0
1.69 20002 ,4 0
1.7 - 20002 .4 0
1,78 20002 .4 o
1.8 20002 .4 o0
1.85 20002 ,.4 0
1.9 20002 .4 0
1.95 20002 .4 N
2. 20002 ,4 .0
RAN 47 SEC,
sTeP,

0!

3
X0
LS

B =0
TORQUE
. /

T2 =
FO = 2253
L2 = 1!
D = ,0005
T-ERROR RATE
199598 ,1 160354,.3
18989.3 24544,
18421,3 3069%4,9
16701.,9 35028,3
14952,9 35028,3
13203.2. 35028.3
11458,9 $3%028,3
9704,5  35028,3
7953.2 3%5028,3
6205,9 35028,3
‘ “5805_ - 395028 .3
2707.2 35028,3
1006.,4 29150,%
11,8 10817,!
-145,1 -182,9
"7‘ol . "35503
57,3 16,9
42 ,4 24,7
- 217.8 3%4,4
23 94"- ‘ 3712,.2
11.9 | =233,1 -
10,1 -85.8
5.3 332.3
2.6 263 ,1
o€ 298 .8
1.4 =99 .4
“.9 Al .0 .
-5,3 105,06 -
“qol T A2 .4
°‘03 "82 .5 )
8.3 «267,.8
6,9 149.6
«6,9 141 3
5,6 128,38
'5.3 lll.@'
- 8,1 104,1
~4,9 © - 99,9
4,9 88.!
"408 8203 :
“4,2 © 63,5
f "‘.‘ 25.0 .
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35000

T4 = ,0025

Q = 8,8
F$ = 0
c2 =

1000,



PITCH AXIS RAMP RESPONSE

PDDSS* 8:51 THURS, 05/13/71

T0 = .5 T = .1 , T2 = .01 T3 = ,075 T4 = ,0025

R=0 R = 1000, E0O = 2253 X0 = 35000 @ = 8,8

L0 = 5 Lt = ,0% 12 = ,! LS = . ,0 F$ = 0
K = 10000 Jd = 1.5 D = ,0005 B =0 c2 = 200
TIME Q-INPUT 0-ERRPR T<ERROR RATE TBROUE
.9 .0 .o Oo .O .0
04 44,0 8.8 6.4 1485,.8 -,0324
06 61,6 «0 2.1 924,.3 «0379
08 79.2 8.8 7.0 723 .8 0745
ol 96.8 €,.8 10,0 = 960.,8 ,044)
ol2 123 .2 17.6 10,3 930,.4 057
olé4 140 .8 8.8 12,4 871.9 1145
16 198.4 17.6 15.1 900.2 1096
o8 176,0 g.8 16.7 954,.9 +0934
2 202 ,4 17.6 18,0 898,8 084
22 220.0 17.6 20.4 929.5  .1206
22 220,0 17.6 1.5 932 ,2 «1079
24 237.6 17.6 15.9 1463,1 = ,07
26 264,0 8.8 8.5 1227,%9 0187
28 281 .6 g,.8 Tel 950,1 0418
o3 299 .2 8.8 T.6 1036,2 0728
34 348 ,2 8.8 4,8 968,2 0187
36 sw 8 8.8 5.0 971 8 0843
38 378.4 8 5.0 1047,.3 +0952
4 396,0 : 0 4,4 1022 .5 0076
A2 422,4 2.8 4,3 947,.6 0453
44 440,0 g.8 4,9 97%.9 0924
.46 4876 .0 4,9  1057.3  .0499
48 484,0 8.8 4,6 1004,9 0029
3 501 .6 8.8 4,6 958,2 +0703
52 519.2 .0 4,9 1016,6 «0955
.54 336.8 .0 4.6  1055,2  .0205
36 568 ,2 8.8 4,6 948,1 02536
«38 580 .8 8.8 540 991,2 .0836
6 598.4 0 4.8 1038.5 00673
N4 616,0 o0 4.8 1016,0 0127
.66 660 .0 2.8 5,3 81,1 L0878
68 677.6 «0 3.0 1066,.3 0452
o7 704,0 8.8 4,9 979,.8 0016
on 721 o6 8.8 5.0 o 9".‘ . - 40666
o 14 739.2 0 Sel 1009.7 «093
16 756.8 0 S - 1054,7 0309
.78 783 .2 8.8 4.9 950 .‘ 00227
8 800,.8 8.8 Sel 992,5 0816
32 : )

RAN 29 SEC,
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POLAR AXIS ~ INITIAL ACQUISITION

3-53

PDDSS* 8:31 THURS, 05/13/71

0 = .23 Tt = ,02 T2 = ,0015 13 = ,018 T4 = ,001
R = 20000 RI =0 F0 = 2253 X0 = 50000 Q@ = 8,8
L= 5 L1 = .05 L2 = Ll LS = O F$ = 0

K= 1500 . . J = 0% D = ,0002 B =0 c2 = 200
TIME Q-INPUT Q-ERRPR ~ T-ERROR RATE  TORQUE
O  20000,0 2253.,6 20000,0 «0 «0
O06E 20002.4 2253,0 19793.4 49350,8 o3
025 20002.4 2258,0 18883,9 491%,8 -,5
«05 20002,4 2253,0 17639,7 301%.8 S
L0735 20002,4 2253,0 16393.,4 51150.8 3
ol 20002 od 2233 0 15147,6 40‘59.8 ’05
o125 20002,4 2253,0 13900.8 = 45150,8 -5
19 20002 ,4 2253,0 12654,6 506150,.8 3
175 20002.,4 2253,0 11408.3  51150,.8 N B
2 20002 ,4 2253,0 10162,3 48150.,8 -5
2235 20002.,4 2253,0 8915,7 4A91%0.,8 -9
23 20002.,4 2253,0 7669%,6 50150,7 3
275 20002.4 2253,0 @ €423,2 511%0,7 o3
325 20002.4 22%3,0 3930,7 491%0,7 -9
39 20002 .4 2253 ,0 2684,9 5015%0,7 3
375 20002.4 1443,2 1438,1 511%0,7 5
4 20002.4 211,2 204,.8 43995 .2 -,0856
0“36 2”02 .‘ -44.0 ‘“07 .lg..l .0007
.425 ‘ 200& .‘ “‘400 ’ '“ .5 c.. 00‘37
.‘5 20002.‘ '35.2 "39.‘. s’.‘ -.009
AT 20002,.4 17,6 «20,2 =412 2 -,0071
. 20002 .4 «17.,6 *15.7 - 244,46 .-.03,2
0”5 20002.4 .8.8 '7.7 ‘37‘00 -.‘3‘7
05, 20032 o‘ .° ’..‘ - ‘007 .°°”
o575 : 20902.4 - oo '803 847.‘ 'ool‘z
_08 -20002 .4 -8.8 =649 7€1.7 -,01%7
2% 20002,4 8,8 =Tel 5¢8,6 ~,0374
.65 ' 20002.‘ .0 ".3 “‘.7 ..°|Q
.675 . 20002 .‘ 00 '503 531.7 "00‘&
07 ' 20002.‘ .9 ".3 315.0 '.0!_52
.725 ) 20002.‘ 0 -3 9 71.9 -0
13 20002 ,4 «0 4,4  =694,6 0044
778 20002 ol -8,.8 7.0 178 .3 -,0713
08 . 2°°°20‘ _.0 -6.5 “1.‘ ’.Gl“
.825 20002.‘ .0 "ol 511.8 -.9162
'8, 20002 ,4 0 -4,1 3090' -0146
875 20002 .4 o0 3.8 -112,4 <~,006
0_9 . 29002 .‘ .0 _ -5.0 "l°'7.‘ .‘“7
323 20002,4 @ -8,.8 T3 172..0 -,0681
.’, 20002 .‘ .0 .5 9 593 .5 °0016‘
RAN Ag SEC,

STOP,



POLAR AXIS - SINGLE STEP RESPONSE
ELASTIC STICTION MOL EL SHOWING STICTION BREAK AWAY TRATTL'I "IN/

PDDSS* 8207 THURS, 05/13/71

TO = .25 T = ,02 T2 = ,0015 T3 = 015 T4 = ,001

R = 8,8 Rl =0 E0 = 2253 X0 = 50000 Q= 8,8

Lo = S LY = 05 L2 = ol LS = 0 F$ = 0

XK = 15000 J = .08 D = ,0002 B =0 C2 = 200
TIME Q-INPUT @Q-ERROR T-ERROR RATE TOROUE
oo . 808 808 ’ 808 oo .O
0064 8.8 «0 3.7 1122 .6 «0694
01 8.8 o0 .8 l739o9 0731
00'78 8.8 'l7Q‘ "6.4 .13.3 .0!89
002 8.8 'l7o‘ ‘»‘1703 1110.2 003‘7
03 2.8 -35.2 3147 ~=1453,5 «.019
04 8.8 "2604 -26,2 "5‘602 -,0062
03 8.8 -17.,6 -20.2 AT3 .8 0014
.08 808 “706 -17.5 -l3€3.8 -.0126
07 8.8 -8.8 ‘l°09 ‘l‘o‘ -,001
08 . 8.8 -8,.8 -8,.6 .36504 -.002!
09 8.8 8.8 -6.4 647,2 = .0399
ol 8.8 -8.8 =6,4 2570‘ -,0457
oli 808 -8 .8 -3 8 -283 0 "0049
12 8.8 -2,.,8 -5 Y | 398 9 «,0539
.13 8.8 -8.8 -5 .‘ 204 .7 -00573
ol 4 808 .0 '3 .3 7000’ ’00033
ol, 8.8 . .9 "lol 2”.8 -.00!7
16 ' 8.8 oo "205 -1152.8 00143
ol 7 . 8.8 .0 '208 427., '00052
B8 8.8 0 Y/ “5‘08 «0006
0‘9 8.8 v .0 -2 07 385 9 ‘00057
02 8.8 .0 '1.0 .2‘501 00015
21 8.8 .0 -2 .2 289 01 ‘o°°59
622 sog Oe “295 -82805 06162
23 8.8 0 =]1.6 176,3 - 0061
24 8.8 o° 4,4 340 8 -.00%9
25 8.8 oo '07 30 07 - 0058
.26 808 00 -2 .‘ 3‘7.5 -.006
27 8.8 0 1,5 ~425,6 0044
28 ) 8.8 «0 “1s5 194,53 - ,0061
029 . 8.8 "8 08 "‘.’ 3‘3 .7 -.0059
03 g2.8 .0 '01 29.2 °o°°59
03‘ ’ 8.8 .0 '2 .5 308.’ °.00$l
032 808 .0 -1 o‘ '”5.4 00065
33 8.8 0 -1 o3 173 8 "000@
34 8.8 ) 4,1 342,99  -,006
35 8.8 0 “07 .l5., - ,0056
36 8.8 " o0 242 284,3 =,606!}
37 8.8 N 2.4 “919,7 «0097
038 808 -.0 "l.l !3‘.’ -.00‘2
os’ 8.8 .0 "3 .‘ 33 7.‘ -.006
P.:Q 808 ;) "o"’ =91 .8 '00044

RAN 27 SEC,
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POLAR AXIS - SINGLE STEP RESPONSE
ELEASTIC STICTION MOCEL SHOWING LAST STEP
BEFORE STICTION BREAK AWAY

- PDDSS* 8:14 THURS , 05/13/71

T0 = 25 T = 02 T2 = ,0015 T3 = ,015

R = 8,8 R =0 : FO = 2253 X0 = 50000

Lo = Os . Ll = 08 L2 = ol LS = 0
K 5 l 5000 J - .os D - .eeoz B 4 o g
TIME Q-INPUT @<FRROR T-ERROR RATE TERQUE
0 8.8 8.8 : 8.8 «0 «0
OOl 808 . 808 . SQl -1513 .8 0988,
Ooz 8.8 .° 3.9 -‘77.‘ .9‘76
0‘3 8.8 ‘oo 30, 6’3 05 .065! _
04 8.8 8.8 Sel 834,0 1017
0% £.8 8.8 5,7 735.3 L1031
006 8.8 8.8 6.1 63! N o1046
07 B8 8.8 6,3 571,5 1664
08 8.8 8.8 7.0 408 ,9 109

~ 489 - 8.8 8.8 742 138,1 1192
ol 8.8 8.8 Tl -194,7 +l221
ol! 8.8 8.8 6.9 -534,6 27
12 8.8 8.8 6.5 . =919,.8 01289
o3 8.8 8.8 3.9 -1285,.9 1201
o" 8.8 8.8 506 -14%2 3 00839
15 8.8 8.8 4,6 ~1264,7 +058 .
ol6 8.8 0 3,9 -T743 ,% «0508
17 8.8 0 3.6 -367,6 047
o8 8.8 N 3.6 39.4 08459
ol9 8.8 «0 3.6 657.7 «0563%
2 8.8 o0 3.8 783 .0 0664
21 8.8 S . | 4,4 981 .9 1025
22 8.8 8.8 4,7 930 .6 o103
23 8.8 8.8 Se1 875.1 «1034
24 8.8 8.8 545 g17,7 «1039
23 8.8 8.8 6,6 637.4 «1056
26 : 8.8 g.8 643 498,4 1092
27 8.8 8.8 6.2 Al6,1 L1102
28 8.8 8.8 6.9 239,4 1139
29 8.8 8.8 Te1 79.9 1169
o3 ) 8,8 8.8 7.0 “83.3 1221
31 8.8 8.8 100 =409,.8 «1256€
32 " 8.8 8.8 6,6 -771.,0 1291
033 _ 8.8 808 ‘.3 -10“.5 .1278
034 808 8.8 6.9 ‘128‘08 0‘29‘
.35 8.8 8.8 5.0 “43“, 0839
368 8.8 g.8 4.4 ~1246,7 038
37 8.8 0 4,0 -934,0 L0532
.38 8.8 o0 3.5 . ‘3‘004 +047
039' 8 08 .0 ) 3 08 83 708 00‘61
o4 8,8 0 3.9 924,3 <0813
.4l 8.8 0 4.4 966,82  ,1027
\T : ' T '

RAN 27 SEC.
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PDDSS* g8:23

70 = .25

R =8.,8

L0 = .5

XK = 15000
TIME  Q~INPUT
N 8.8
0l 8.8
02 8.8
+03 2.8
04 8.8
05 8.8
06 2.8
07 8.8
.08 8.8
09 8.8
ol 8.8
ol 8.8
ol2 .8
o3 8.8
ol4 8.8
15 8.8
16 8.8
17 8.8
ol8 8.8
19 8.8
2 8.8
21 8.8
22 8.8
023 8.8
24 8.8
23 8.8
26 8.8
27 8.8
28 8.8
29 2.8
o 808
31 8.8
32 2.8
.33 8 .8
34 8.8
35 8.8
36 8.8
3T 8.8
38 8.8
039 8.8
od 8.8
o4l 88
42 8.8
v 43 8.8
«44 8.8

RAN 40 SEC,

SToP,

POLAR AXIS - SINGLE STEP RESPONSE
CLASSICAL STICTION MODEL SHOWING EFFECT OF TORQUE DITHER

THURS, 05/13/71

T1
R! (1]
Ll 05
J = .05

02

tHn

Q< ERRBR

T2 = L0015
EO = 2253
12 = L1
D = ,0002
T-ERR @R RATE
8.8 «0
15 0!! o()
15 .‘A "‘;!;iz .53
3.6 820,1
147 -643,9
2,0 g68.8
'ol ’446.2
-1,.,4 1011.9
-‘.‘ -355.8
'3.8 85!.6
°4.° "2‘.8
‘A.G 65!.9
-4,1 -589,3
=349 333 .1
-4.0 '564.8
'4.2 670.0
4,1 -485 ,1
3.0 499 .8
3.4 -730.9
=1,.6 437.8
".5 -776.6
06 425.3
o7 -757.2
2.4 475,4
1.8 -677.,17
2.6 583 .1
2 =542 ,9
3.2 744,0
3.3 -756,8
4,! 430,95
4,5 -757,.0
4.0 519,3
3.7 '779.0
3.8 676.8
2.9 -657,.1
3.7 720,2
104 -487.‘
2.9 503,.6
l.l '513.0
ol 863 .3
=6 «567,4
ol 795,.2
'.9 -6‘8.5
o6 701 ,7
..o °75‘.°
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T3
X0

L

B

015
50000
.125

Hnn

5
=0

TPRQUE
0
«0972

~e1225
1227
-.1214
1285

“01218

1282
-.1219
128
~o1139
1289
'olla.
1128
'.1183
1262
o114
1234
'01272
1229
~e127
123
~.1269%
1232
’01267
1233
-.1266
«1235
‘01265
1199
-, 1285
114
-a.1252
1174
-,1242
12
‘ol24
1259
~.1241%
1259
-.1242
]258
-~.1242 '
1237
-.1243

T4 = ,001
Q0 = 8,8
F% = €50
c2 =0



Servo Electronics

To obtain a preliminary estimate of electronic complexity and possible
mechanization problems, a more detailed block diagram of the gimbal servo
electronics was developed (see Figure 3.5-11). Due to the uncertainties
associated at this stage with the input and output interfaces, power
conditioning, and redundancy considerations, this block diagram must be
considered relatively flexible. However, the values shown in Table 3.5-4
ma8y be considered representative of the STARS servo electronics design

parameters at this stage.

TABLE 3,.5-4. GIMBAL SERVO ELECTRONICS PRELIMINARY DESIGN PARAMETERS

CONFIGURATION
Design No Pwr. Condit. Pwr. Condit, 2 Redundant Units
Parameter No Redundancy No Redundancy Pwr. Condit,
Parts Count
IC 14k 149 304
Discrete 609 78k 1794
Weight (1bs) 3.9 5.7 12.8
Volume (cu. in) 146 198 480
Preferred Dimensions | g x 6§ x 2,7 12.2 x 6 x 2.7 2(10 x 6 x 1)
(inches)
Power Dissipation 7.6 10.1 10.6
(Watts)

3-57




OAY LIVMLT0E3VIN) MNO%S 6

LOI\. (% (5520+)(S1°+)
ﬂﬁq NAJV“SA m#m‘%on AINTdNY YD 1H) 81-19 518007285 (avamrss)
(NOV LIS ) -1 45270 A0LVADILNI AR (MIYD 01)81-14541°28S ) ‘V\ 951 33d Somno_m 50
Loi'=uuy PA313na Wy AA- L _ . 811450 LM vy anuig 39NV 081 ¥
U T 3304 T _ GV S0U20L) (v 149 ) 15 I9V30L5 J304n0D S1A3W3HAT NOY3
20104 GOYINT ¥ AT avnngy one  GHD T1ONY 31104 Wa35
£0ec-l  HII3S0ENTS) J 3v1od
a-14071 1N3EAM 21901 ONIRE
_ Q35N3S 235/v3 1095440 @oamwwﬂﬁwﬂd v wwmm_%m
_ 20LI N0 3 235/930 334 S440007] 31y 351Nd u:aﬂom
| _ Wo24 0
A 410 aMd
|_| —_ r I_F 35 Wid 13533 033
Twsownant] 1 f 1N waceaneed! T&EMI CO&mD | 3UNND
_uz_%wwmw%nw_. It =T 35N [~ AITaN10d 1NSWIgoNT ao_:sm
AP ERNERY
== mnn,. ) 9545013502354 L] Ju7s 3190 8100 ] a3l0dnao
R | - — = TS LVINTINT 31909 SILGIoME Lige——] TG3UN0IL, of
ONIHILIMG  Lin — —4 a3nidfeo e ;49 -] Linn
1nvannaay _ 3N =0 \pe+ d aJ
201VIINY
_ nvm-iay] W01 330104
ZHA 304 33M —_ — —
| G e SR g 509
9MIN0LIANDD s
—_———— 39VA0LS AJ_O A2+
—= _ | _ TS 13539 093 % EPLLALEI i 33Mod |
[nae o»u:oa_l e ] ¥3L3IANGD ! L& MDD fgemma, | 3NN0Y| g a3d 9305 .01 x s [53151934
_UZ s - === == ] 3530d | RITIV0d 1N TWIHONT|NOILISOd 0T+ 1802
I anvaas JINI S104LNGD '93G¢.01xS0=351nd1 | TIONY
T _ L ozdmmﬁ_ £ WILid] $113012104100 XYW & 330 3Md
4 | — = /U LNINIION 19NV SLRL2L43 ma_fvw
1
EINOILY NYD OV &
. 735/QYd|_@5dd 9’
- = sLRfeAava TS,
3l A E_w m&‘m&_f_ F1-LS20F [y 7351730 339 SadnZ] L0010 L) u,oow_ ez
D) L3
2R [ VYV 33RLA] (gg00m4)(ss) N 21V 39704 uo:zosj 1ov301S
e [P 0LYA93LNI (5520 )51+ Gpoan QNN HILId (avaMs.9)
Thsa \_\ol 13T IS _ 1 LI 3 Atz (Y9 Q1) L1BY) %7 434930 01X 50
NV A% ’ ’ A%Y% (61V9 W) 118 9NV 081F
| 49W, | o |onHOLMS T _ ﬁé (a0 3001 i3 30000 i $310440) SIAINANSI O3S
AHLI0IEAST R GNYANOD HOLId 191235
—t 13017 (NN W)FT-1461800°28S 1 2 Mw

10307-28(0)

SLLVMSH S =

SYVLS Jo weilelq yoo1g Areurwiiaig

Ad G4 1N33a0 3anvdoLl

S$DTUOI}DD[O0AIDG [BQUITN)

(5500°+){55"41) 5

"I11-G'¢ 2andi g

IHAYY

2480334 LN3IANY 3NVIQL

OWO0NB-145L1° =851

3-58



3.6 Assembly and Test Methods

The design, development and manufacture of the STARS gimbal requires
detailed planning at each stage of buildup for component procurement through
subsystem testing. Figure 3.4-1 displays the flow of hardware, division of work
in-house and subcontracted, and typical tests conducted at each stage. The
complex beryllium machined parts are subcontracted to a precision manufacturer
experienced with this material., . Even though the ball bearings are procured
as components and lubricated at Hughes. The flow is planned to screen
deficiencies at each stage to minimize the faults and trobleshooting at assembly
testing.

The STARS components and assembly are very similar to the Hughes Gyrostat despin
mechansims, but the despin control is quite different since STARS does not rotate
continuously at 50-80 RPM, Typical flight despin assemblies are shown in Figures 3.6-2,
3. 6~3 and 3.6-#, Two of these incorporate beryllium shaft and housing materials,
and the third uses titanium. All units are space-qualified, and flight systems
have been delivered. The TACSAT assembly shown in Figure 3.56-2 has operated successfully
in orbit since February 1969. This system uses a brush type DC motor and slip rings for
power and signal transfer. The other two assemblies use brushless dc motors.

One unit for Intelsat IV (Figure 3.4-4) was launched in January 1971.

Since the STARS precision requirements are much greater than the capabilities
of existing systems much more detailed investigations of manufacturing and assembly
procedures are required. At the piece part level a study on stabilizing techniques
is required for the beryllium parts. On most beryllium systems thermal shock processes
have been substituted with a chemical etch of the finished machined parts., At the
assembly level studies are required to plan the facilities, tooling and instruments
necessary to maintain and check the precision during the assembly operations. For
instance; the Inductosyn installation requires definition of the reference surfaces,
of the instrument that will be used to set the runout, and of the tooling required
to hold the instrument. The detailed definition of these techniques should be
established to insure that the proper reference surfaces are built into the gimbal

hardware,
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TACSAT Beryllium Figure 3.6-3. Advanced Satellite

Figure 3.6-2, : ; ;
Beryllium Despin Bearing Assembly

Despin Bearing Assembly

Figure 3.6-4. Intelsat IV Despin Bearing Assembly
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STARS PITCH AXIS
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Figure 3.6-5. Tracking Test Stand for STARS

At completion of the STARS gimbal assembly a number of measurements should
be made to provide data to aid in troubleshooting any subsystem test problems.
Examples of these measurements are: 1) ball bearing breakout friction versus
displacement, 2) gimbal run-out, 3) slip ring and motor brush friction levels and
characteristics, 4) Inductosyn error, 5) Inductosyn noise sensitivity, and 6)

Inductosyn sensitivity due to gimbal compliance.

System testing of the completed STARS may be accomplished using an arrangey
ment as shown in Figure 3.6-5. The pitch axis of the STARS is made parallel to the
axis of a high accurate rate table which supports two collimated star sources. The
rate table is rotated at the appropriate orbital pitch rate, such as one rotation
in 96 minutes (corresponding to a 300 mile orbit). The STARS control system rotates
the pitch axis at an (ideally) matching rate, commanded by the STARS electronics uni
The outputs of the star trackers on the STARS then represent the error signals that
would be available to position a spacecraft. These error signals are then also

available for the system error analysis. |
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L, Star Trackers

ho1 Tracker Design Analysis

Introduction

As described in section 2,1, the STARS concept utilizes eight star
trackers, fixed with respect to each other, to provide an inertial reference.
Each tracker is pointed to a preselected star chosen in such a manner that
at least two stars are always available for tracking independent of orbit
and spacecraft geometry,

The eight trackers are divided into two four-telescope clusters
with one cluster observing the northern celestial hemisphere and the other,
the southern celestial hemisphere.

Figure 4-1 is a layout showing one of the baseline sensor clusters.
Each tracker is required to accurately determine the location of the star
in its field of view and provide the data to the on board computer for
attitude control., In the baseline sensor cluster the stellar energy from
two telescopes is relayed to one photomultiplier tube., Signal separation
is accomplished utilizing an L-shaped reticle in each telescope with the
two L's reversed with respect to each other (superimposing the L's would
result in a cross). Since the nutation wedge for all telescopes in a
cluster is common, the nutating stellar images are synchronous and signals
from the two telescopes are separated in time (See Figure 4-2).

The primary purpose of each star tracker is to convert an irradiance
from a star into a number which accurately defines the location of the
star in the tracker field of view. 1In addition, because of noise in the
system, & finite probability exists that a false data point may occur or
a real star pulse may be missed, Thus, a secondary requirement for the star

tracker is that missed pulses and false alarms be held to acceptable numbers,

The interrelationships of the basic parameters and their effects on
star tracker performance are herein discussed and fundamental system para-
meters such as aperture and slit width are defined, The characteristics
of the stars and noise sources of interest will first be described, the
equations associated with them will then be developed and finally the

values of system parameters will be selected,
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Qualitative Summary

Figure 4-3 illustrates the relationships of the basic parameters
of the star tracker. Every star produces a characteristic amount of spectal

radiant energy h ()\) as measured near the earth outside of the atmosphere.

Incident photons from a preselected star are collected at the star
tracker aperture and this stellar energy is nutated by a rotating wedge in
front of the first lens element, The nutated image crosses slits on the
reticle pattern on the focal plane of the telescope. A photomultiplier
tube (PMT) detects the energy passing through a slit and the time of

slit crossing is used to determine star position in the tracker field of view.

Since the spectral characteristics of every star are constant and
the quantum efficiency of the photodetector is relatively invariant, the
size of the aperture and of the reticle pattern can be selected on a

knowledgeable basis,

However, the detection of stars is hampered by the statistical
fluctuation in photon noise present in all radiant energy. The sources
of radiant energy that contribute photon noise are stars in the background,
stray light within the sensor coming from the sun, earth, or spacecraft,
and the fluctuations in photon noise in the signal itself. All of this
noise in addition to the dark current noise of the PMT limits the sensitivity

of the tracker.

Star Characteristics

The surface temperatures of the stars of interest range from approximately
30,000°K to 2,000°K. The spectral distribution at each of these temperatures

is different.

The brightness of a star is termed its stellar magnitude. Stellar
magnitude is most often measured in terms of photographic, bolometric,

or visual magnitude,
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In equating these different measures of magnitude, themagnitude scales
are generally adjusted to yield a magnitude equivalent to that of an

A0 star, i.e., one having an equivalent surface temperature of 11,OOOOK.
The magnitude of the radiation is

H
o

m = 2.5 10-810 ‘i‘l— )

where
. . 2
H = irradiance, w/cm
Ho = irradiance of zero-magnitude star

The visible irradiance of a star of zero magnitude is defined as equal to
2.1 x 10-10 lumgn/Cm2 or 3.1 x 10_13 w/cm2 at the peak sensitivity of the
human eye (5500A).

Each star is assigned a visual magnitude and a spectral class(on the
basis of its temperature). This defines the curve h (1), where h (1) is the
absolute spectral irradiance (w/cm2 micron) at the sensor aperture. This
energy passes through the optical system which has a relative spectral
transmittance defined by t()) and is detected by a S-20 photocathode
having an absolute spectral responsivity r(A). 1In order to compare stars,

we define an effective irradiance %5
8,000A

- .Ili r(2) h(}) t(n) d(3)

Heff o

3,000A

By using available star catalogues and performing the integration,
a listing of stars ( in descending order of brightness) was prepared
(Table 2-2) which shows which stars will be best detected by the star sensor.
From this listing as described in Section 2.2, a set of eight stars was
selected on the basis of brightnes and location in the celestial sphere.
These stars are repeated in Table 4~1, The dimmest of the selected stars

15

(Phecda) has an effective irradiance (Heff) of 1.1 x 10~ watts/Cmg, and

this value is used as the worst case irradiance for the tracker design.
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Backeround Noise Sources

Following is a brief summary of the background noise sources which

limit system performance

o Average Celestial Background: The average luminous flux (over the
-11

entire sky) is 2.2 x 10-12 lumen/cm2 deg2 or 7.8 x 10 w/cm2 sterad,

The irradiance at the entrance aperture of the sensor is

H = N, Q,
stellar TStellar

where () = solid field of view of sensor, sterad.

o Stray Light Scattering: Light from bright sources such as the sun

or the earth if allowed to enter the optics is a significant noise
contributor. The amount of light scattered is a function of sunshade

design and angle between the bright source, and the tracker optical axis,

0 Radiation in the Van Allen Belts: Particle radiation can interact

directly with the Photomultiplier Tube (PMT) and cause an output,

The noise is a function of the PMT, the type of radiation (electronics
or protons), energy level and amount of incident flux, In addition,
secondary gamma radiation caused by stopping or slowing electrons in

a shield can also introduce noise in the tube.



Sensitivity

The sensitivity of any sensor system is limited either by the noise
outside of it or by the noise within it. A properly designed system using
a Photomultiplier Tube is background noise limited, which means that the
émount of internally generated noise does not significantly impair system
ﬁerformance.

' Noise is created by the statistical variations in the d-c current

from the photocathode of the PMT. The four sources of noise are the

Photocathode dark current
Current due to the background photon flux

Fluctuations in current due to the signal energy

o O o0 O

‘Particle radiation

The steady state current ISS due to input irradiance is

Iss = Heff' AeffR ?
where
= s 2

Heff = effective irradiance, w/cm

Aeff = effective erea of entrance aperture, cm2 (this includes the
transmission effects of the optics, i.e., Aeff,= A getual X T,
vwhere T = transmission).

R = responsivity of photocathode, amperes/watt.

The-<omplete description of the d-¢ current in the PMT includes the
irradiance from the background HB the irradiance from the star H e and
the dark current of the tube caused by thermionic emission of the photo-

cathode, i.e.,

'Iavg - dark effR (HB

The rms current in, which is caused by the statistical fluctuations of the

d-c current is

= _G_
- ﬂJée Tavg A (G-l)

where
G = gain of first dynode stage
"Af = pre-detection bandwidth
e = 1.602 x 107 cowlomb
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The complete expression becomes

G
1= \/2"' (7 [ lgapp * Aege B (H g + B 1AL

A basic measurement of system sensitivity is the signal-to-noise
ratio (SMR) which is defined as the ratio of the peak signal to rms noise.
If pre-detection bandwidth is narrowed to reduce noise, the peak

pulse height becomes smaller

. ’ i
: ipeak B (ER‘)Heff AeffR
' ss
where
ip = peak filtered pulse amplitude
i = steady state value of input

The signal-to-noise ratio is therefore

. i
—P_
.iB (isb Heff Aeff R
SNR - — i =
n G -
‘/;e G-1 [Idark * Aeff R (Heff * HB)] At

Dark current for the PMT is typically less than 10.10 amps at a tube

gain of 106. Typical tube current caused by minimum stars of interest at.the

same gain will be 1077 amps, thus

<<
Idark Aeff R l:[eff

This can be verified by substituting actual system parameters in the

above expression. Hence, the system is not dark current noise limited.
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B
. ( iss ) Heff Aei‘f‘ R
SNR =

c .
+
A/ée (GTT) Aepr R (Hypp * Hp) AF
= + H + HS
HB HRAD stellar
\__w,_Jl ——— N
Radiation Stellar Scattered from
Induced Background Bright Sources

Induced

In the 500 mile altitude, high noon, sun synchronous baseline orbit,
there is essentially no radiation and the radlation induced term can be
dropped. It is worth noting that orbits which pass into the Van Allen
Belts would require PMT shielding to limit this nolse source to acceptable
values.

Using the expression Hstellar = NT l, the stellar background at the
sperture can be determined. (! is the solid field of view of the sensor in
steradians which is determined by the reticle pattern. As will be shown
later, typical reticle slit widths in the direction of star image travel
will be about 90 arcseconds. The length of one side of the L-shaped
reticle is 1.2°. -

Therefore

Q = WL
where

W = glit width

L = total length of ell slits in radians
For

W = 90 arcsec = L4.37 x lo-l'L radians,
= (2) (g%fg) (5.37 x 1o'h) =1.83 x 1077 steradian
H,1ar - (7-8x 107t (1.83 x 107°) = 1.43 x 10717 watts/cm2

Of the total stellar irradiance at the aperture, only that which is within
the sensor spectral band (determined by the optical transmission and S-20
photocathode) is effective. The spectral efficiency is taken to be 0.Lk.



Therefore

H ¢ = (0.14) (1.43 x 10719) = 5.6 x 1016 w/en®
€t istellar

It should be noted that the celestial sphere as viewed from near earth is
very non-uniform and the above calculation provides only an average value
which will vary with the star tracker look angle. However, this average is

13

- 2
over two orders of magnitude less than the 1.1 x 10 w/cm design
requirement for the maximum amount of scattered light from bright sources

(15o from earth or spacecraft, 500 from the sun).

The limiting system noise for the STARS star tracker is thus caused
by scattered light from bright sources. The magnitude of this noise source
is a function of sun shade design and angle and intensity of the source.
A considerable amount of design and test experience has been accumulated
at Hughes Aircraft Company on at least two other star sensors as well
as on numerous electro-optical sensors operating throughout the IR spectrum.
Appendix 6.3 provides a summary of some of the sunshade design and test

efforts done by Hughes Aircraft Company.

With this background, a detailed sunshade design for the STARS star
tracker was performed and is described in Section 4.3. The sunshade is
required to yield an effective irradiance at the aperture of less than 1.1 x

1071

greater than 150. As shown in section 4,3, the baseline sunshade meets the

w/cm2 for sun angles greater than 300 and earth or spacecraft angles

requirements with two orders of magnitude margin. Based on Hughes' experience,
which has shown significant differences between measured and predicted
performance, two orders of magnitude is not an excessive over-design but

is considered a comfortable margin. With this reasoning, the scattered

noise source will be taken to be the sunshade design requirement (a conservative

approach) and for a scattered light limited system the SNR relationship becomes

. i
o I A R
SNR = ( 1ss) eff Teff

G
\lze (G77) Aegs R(H g + Hy) 4F




~.

The fixed parameters in the expression are:

e 1.6 x 10™12 coulombs
5

0.075 amp/watt

o
0

bhus
3 —L

-+
Aeff (Héff_ HS) af

(1)

SNR =

The pre-detection bandwidth Af and correspondingly (ip/ ) are a
function of pulse width and shape. The pulse ' Les
width is a function of slit width and nutation rate. In addition, as a
star angle varies and the reticle crossing angle changes, the effective

slit width increases with a corresponding pulse width increase. Thus,

t =—-——-H——_———
P w R sin ©
where ug = nutation scan frequency (radian/sec)
R = nutation circle radius (arcsec)
© = angle between the nutation center and a

perpendiculér to the reticle slit

In the baseline system R is 0.7° and © varies between plus and minus
45°. These values result from the requirement for * 0.5° off-axis tracking
and a maximm allowed pulse shift in time (required for pulse/train sep-
aration) of + 45° of nutation rotation. Since @ is limited to + 45°, the
pulse width increases at most by the JE- from the zero track angle case.
Although the optimum filter bandwidth is a function of pulse width, measured
performance on a similar system shows that performance degradation is negli-
gible for bandwidth variations of * 20% from nominal. The filter bandwidth
is therefore chosen as aAcompromise between the maximum and minimum pulse
- widths ahd sin © is taken to be 0.83.

Substituting these values ’

= 4.78 x 107% = (2)

£ = W
p T 8 0.1)(3600)(0.53)

fdr W ih arcseconds

ng in radians/sec
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For any pulse shape, there is an optimum relationship between Af and tp

which can be expressed as

t Af = K -
P
where
tp = signal pulse duration
Af = pre-detection bandwidth
K = constant

For this system, the pulse is assumed to have an spproximate gaussian
shepe and K is tsken to be O.k.

Therefore X 0.4k w . W
6 = 2 - —p— = 8.hx10° 2 (3)
P 78 x 107" W

Choosing a filter to oﬁtimize for a particular pulse shape and width
determines the peak filtered output pulse. Because of pulse width variation
the system is not always optimum and at the worst case (the narrower pulse
case), (ip/iss) is taken to be 0.73.

(a:p/i ) = o.73.
, ss '

Substituting in equation (l) and rearranging terms,

. ab
(9.66 x 10°) H 1/A W
SNR = eff eff (h)

\lzﬁeff * Hé) ug

This expression provides & means for convenient parameter trade-off

for SNR in terms of effective aperture, slit width and nutation frequency.

The Heff from the dimmest of the selected stars is taken to be 1.1 x‘10°l3
watts/cm2 and the sunshade is required to yield a worst case Hs =1.1 x 10_13
watts/cmz. In the baseline design, one photomultiplier tube services two
telescopés and if these two telescopes happen to be observing the two
selectéd stars, the scattered noise energy (Hs) from each telescoge will be
sumed in one photomultiplier tube. An extremely pessimistic case would be

to assume HS =2.2x 10_13 watts/cm2 for SNR determination.
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The percentage of time which two telescopes, pointing at widely varying
angles, can be expected to be both in use and seeing the worst case
scattered noise is expected to be trivial, In addition, analysis of the
baseline shade indicates its performance far exceeds the design requirement
of less than 1,1 x 10710 watt/cme. For parametric trade-offs, the worst

1.1 x 10_15 watts/cmg.

case HS has therefore been chosen to be HS

Using H_ . = 1.1 x 1071 watts/CmQ, H, = 1.1 x 10717 watts/cm2 and

ff S
equation (4). Figures 4-4, 4~5, and 4-6 have been constructed to provide

SNR as a function of Aef and W for nutation scan rates of 1, 4, and 10 hz.

f

Accuracy

Resolution of a pulse in time and hence the angular error associated
with detection of the signal depends directly on pulse (or slit) width and
inversely on signal-to-noise ratio. For a filter matched to a gaussian

pulse the standard deviation (1 sigma) in time is given by

t
lo = 0.7 P

sec _—
SNR
Correspondingly, since the pulse width in time scales to the slit
width in arc seconds, the standard deviation (10) in arcseconds can be written

as
10ércseconds = %;gﬂ (Theoretical)

It should be realized that W is the nominal slit width and the effective
slit width will vary + 20% as a function of star angular location. This
will result in some filter mismatch; also, the optical imagery varies
somewhat with field angle and the resulting output pulse will not actually
be gaussian in shape. To account for these practical considerations, the
standard deviation in arcseconds is assumed degraded by 10% and taken to be

Q-TTW (Achievable)

10arcseconds - SNR



\_\\\
Using the expression for SNR given in equation (1)

1o = T9x 108 W (e + Hg) w,
. T Tarcseconds Héff~Jmeff

The above expression gives the angle noise at the star tracker output.

When applied to the track loop, track angle noise is a function of track
loop bandwidth. The track loop angle noise (¥) can be shown to be

i
‘ ' ef, .2 brog, 3
?arcseconds - 1ofracker (§;—) = ug )
where £, = track loop bandwidth
£, = scan frequehcy- = _8
s o

]
n

7.9 x 10'8 \/W(Heff + HS) W \/lm £y

Hore VRerr CR

7.9 x 1078 (MlHege ¥ Hy) B T,

Heff Aeff

For this study, the track loop bandwidth 1s teken to be 0.1l hz.

8.85 x 10°0 ﬁ(neff + Hy) (5)

Héff Aeff

Y
arcseconds

With this expression, the effect of variation of slit width and
effective aperture on one sigma pulse jitter can be determined. It is
interesting to note that with the assumptions and expressions used, track
loop angle noise is not a function of nutation rate. The change in SNR
as a function of ug is balanced by the change in track loop filtering of

star tracker angle noise.

Using H .. = 1.1.x 10713 w/cme, By = 1.1 x 10713 w/cme and equation (5)
Figure 4~7  has been constructed to provide Y (track loop angle noise)

as & function of A and W.
] eff ,



EFFECTIVE APERTURE, cm2

Missed Pulse and False Alarm Rate

Detection statistics, that is, missed pulse probability and probability
of detecting a false pulse, are a function of SNR. All discussions and
derivations thus far have assumed gaussian statistics as appropriate where
large numbers are concerned. In this region, the relationship between
signal, noise and the probabilities of detection are given in Figure 4-8
If the signal (number of signal events) is small in comparison with the
noise, the SNR is very nearly equal to the sum of standard deviations of
noise and signal-plus-noise required from the threshold for a particular
set of missed pulse and false alarm numbers.

The star angle computation technique is such that a missed pulse or s
false alarm perturbate the track loop in essentially the same fashion. An
incorrect number will be sampled in a register and injJect a step error into
the track loop. Pending a more detailed study of requirements, it is assumed
that missed pulse and false alarm rates of from 1 to 100 per day per tracker
will include the range of interest.
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Table 4-2 provides a tabulation of the signal-to-noise ratio (SNR) required
for various missed pulse and false alarm rates in this range. The procedure

used to generate the Table follows:

© False Alarm Probability

The false alarm rate at the detection point is related
to the probability of a false alarm (PFA) and the system pre-

detection bandwidth by the expression

P = false alarm rate (number/sec)
FA ~ Af

PFA is t he probability that the noise level hs'(t) alone exceeds the threshold

(Ht) for detection in an interval of time equal to the reciprical of
OAf, i.e., a time equal to the impulse response of the filter. On any
tracker, a false alarm will onl& be observed during two 900 windows
(sample intervals). Thus the false alarm rate at the detection point

can be twice the acceptablé tracker false alarm rate. For any tracker false

alarm rate (FAR) the acceptable probability of a false alarm at the

detection point is therefore

PFA - 2 FAR (6)
Af

As discussed earlier, the pre-detection filter is a function of nutation

rate, slit width and star location in the field of view. Repeating equation (3)

which assumes the nominal slit width to be .83W

Af = 8.4 x 107 (%) (3)
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The width of the slit (W) will typically approach the same size as
the optical blur which is approximately 90 arcsec (Ref. Section L4.lL),

For a nominal spin rate of 8t radians/sec,

Af = (8.4 x 102) 8m | 235 hz
90
It should be noted that for any given SNR Equation (4), assuming all
other parameters constant, the wS/W ratio remains constant; thus, an increase
in nutation rate would require an increase in slit width and Af ( + 100% - 50%)

will only cause negligible (< + 3%) changes in SNR requirement.

Using Af = 235 hz

b o (2 (FaR
FA 235

0 Missed Pulse Probability (PMP)

For any missed pulse rate, the probability of a missed pulse is the
number of missed pulses allowed over an interval divided by the number of
true pulses expected in that interval, The baseline tracker data rate is

four per second per chamnel, therefore, the total samples per day is (2)

(4) (60) (60) (24) = 3.46 x 10° pulses/day and

Pp = Missed Pulse Rate‘ipulseSZdaX)
5

3.46 x 107 pulses/day

o SNR Required to Meet False Alarm and Missed Pulse Probabilities

Using the above equations to determine the PFA and PMP for various
False Alarm and Missed Pulse rates, and referring to Figure 4-8 for the
number of standard deviations from threshold required to meet these
probabilities, Table 4-2 was generated to indicate SNR requirements.,
As stated earlier, the required SNR is approximately equal to the sum
of standard deviations of noise and signal-plus-noise required from the
threshold for a particular set of missed pulse numbers and false alarm

numbers.
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TABLE 4-2, SNR REQUIREMENTS FOR

VARIOUS MISSED PULSE AND FALSE ALARM RATES

MISSED PULSE FALSE ALARM :
RATE RATE & SNR REQUIRED
1/day 1/asy 9.9
10/day 10/day 8.8
100/day 100/day T7

Conclusions and Baseline Tracker Parameters

" _For a given target nutation rate, the signal energy is directly
proportional to the slit width (instantaneous field of view) and the
effective collecting aperture of the star tracker. At the same time, the
limiting noise, whether it results from the signal statistics or from back-
ground, will increase as the square root of the slit width or effective
aperture. Thus, the SNR is proportional to the square root of the slit width
and effective aperture (see Equation k). '

On the other hand, for a given nutation rate, resolution of the pulse
in time and hence the angular erfor associated with the detection of the

. 8lgnal depends directly on the slit width and inversely on SNR. Where
other parameters remain fixed, the angular error will increase in proportion
to the square root of the slit width (See Equation 5). _

The SNR is inversely proportional to the nutation rate, however, because
of track loop filtering, the track angle noise is independent of nutation
Fate. (The star sensor output angle noise is directly proportional to the
square root of the scan rate.)

From missed pulse and false alarm considerations, it is required to have
SNR's in the 8 to 10 region. For pointing accuracy, it is necessary to hold
track loop angle noise to the 1 to 1.3 arcsec ( 10 ) regime. Figure 4-9 is
obtained by superimposing previously generated curves for SNR and Y on one
plot and provides a very convenient means for parametfic trade-offs.

The most desirable system from a weight (and cost) point of view, 1s one
that has the smallest aperture but meets performance requirements. Nutation
-rate. is influenced by track loop bandwidth (sample rate requirements). It

is desirable from SNR considerations to have & slow nutation rate but the rate
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must be reasonably high with respect to track loop bandwidth (for an

assumed bandwidth of 0.1 hz a scan rate less than 1 hz is considered
marginal). From a mechanization point of view, as discussed in section 4.5,
the higher the scan rate, the more practical scan motor design and electronic
drive implementation becomes. There are practical limitations on reticle
slit width; for optimum determination of pulse position in time, it is
necessary that theslit width and image blur at the focal plane be
approximately equal. The exact optimum width is dependent upon signal
intensity distribution on the image plane. In the baseline design, 90%

of the energy lies in a blur < 90 arcseconds in diameter across the full field,

From these considerations and referring to Figure 4-8 the baseline

design has been chosen to have the parameters listed in Table 4-3,

TABLE 4-3, STARS BASELINE TRACKER PARAMETERS

Effective Aperture (A ) 6.4 cm2

eff
Slit Width (W) 60 arc seconds
Scan Rate (ws) 8m radians/sec
Signal-to-Noise Ratio ( sNR) 9
(minimum target)
Track Loop Angle Noise (v) 1.15 arcsec (1lo)

Baseline Improvement and Study Areas

Although the baseline star tracker appears capable of satisfying
performance requirements, a number of possible improvement areas have become
evident as well as potential problem areas,

The quality of the imagery on the focal plane is considered to be the
highest risk area in the baseline design. Recognizing this, a short study
was undertaken as to the feasibility of improving imagery (Ref. last part
of section 4.4). This study indicated that by the addition of one additional
lens element (5 versus 4) the imagery could be: improved by over a factor
of two (from 90 arcseconds to 40 arcseconds) with only a moderate increase

in telescope length of 0.7 inches.
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The desirability of incorporating this modification deserves serious consideration.

The stellar energy from two telescopes is routed to a single PMT via
a relatively complex optical relay which uniformly spreads the energy across
the tube faceplate. It is believed that this design can be simplified

significantly by relaxing the relay uniformity requirements.

Along these same lines, a trade-off which merits serious consideration
is using a PMT for each telescope., Although this would increase the
total tube quantity from four to eight for two sensor clusters, significant
advantages accrue. Performance under PMT Failure is obviously enhanced
and the complex optical relay is no longer required. Since signal separation
comes naturally, the L reticle can be replaced with a cross and data rate
is doubled. Electronic selection of telescopes can be incorporated and the
use of a mechanical shutter is no longer necessary (although protection of

the PMT's from bright sources may still be desirable).

In the realm of additional intricate studies, much work is required in
the thermal area if a development program is undertaken. A key question is
the effect of sunshade heating when the bright sun is illuminating interior
portions of the shade, A second question is the effect of bright sources
in the field of view of the unused telescopes both from a temperature/

accuracy viewpoint as well as possible damage to the PMT.

Finally, very important to the STARS concept, are the techniques which
will be used for alignment, calibration, and evaluation of the star trackers.
Much effort is required to establish techniques for aligning the telescopes
to attain the required image quality and verifying off-axis tracking
accuracy. Some preliminary conceptual ideas in this areas are discussed

in section 5.5.
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4,2 Sensor Cluster Mechanical Design

Configuration Trade-Offs

The original comcept for the sensor clusters calle& for four
independent and identical telescopes mounted radially in a hemisphereical
dome. Each telescope would have its own sunshade, wedge, wedge motor, and
objective., The images from the four telescopes would be relayed via
fiber optics bundles to a single Photomultiplier Tube (PMT) at the center
of the hemisphere. Although this initial concept appeared to be the obvious
configuration, a number of drawbacks were discovered as the design
progressed. A discussion of these drawbacks and the steps leading to the
final baseline design follow:

After a preliminary optical design of the telescope objective and
sunshade had been completed, a rough mechanical layout and weight estimate
indicated that each cluster would require a swept volume for about a 19"
diameter hemisphere and would weight approximately 20 pounds., Attempts
to reduce the size and weight within the constraints of the original
configuration and the required optical geometry proved to be hopeless.

.An investigation of available fiber optics materials indicated that
there were no commonly used materials that would transmit adequately over
the entire spectral range (0.3 to 0.8y). Because of this, and because
it appeared desirable to add a 2nd PMT in each cluster for both redundancy
and ease of signal separation, the use of fiber optics for the optical
relay did not seem to be a practical design. Other techniques using mirrors
and/or relay prisms could work, but because of the variety of angles between
the various telescopes and the PMT's it would be necessary to design a unique
relay assembly for each of the eight telescopes which would result in an

awkward and expensive design.

At any given time, only two of the eight telescopes are in use.
A shutter or shutters must be used to completely block any energy which
enters an unused telescope from reaching the PMT, Again, because of
the variety of telescope angles and the desirability of more than one PMT,

each telescope was requirdd to have its own shutter,
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Perhaps the most serious drawback to this initial concept was the
problem of signal identification and separation in the signal processor.
Unless a separate detector is used for each telescope, some technique for
separating multiple signals from a single detector is required. Each
technique considered required that the individual wedges be driven with
some fixed and predetermined phase angle with respect to a reference
and each other, Various schemes of electrically and mechanically
coupling the wedge drives were investigated, but none of them provided the
required wedge rotational! accuracy needed to meet the tracking accuracy

requirements.

A configuration which appeared to eliminate most of these problems
involved the concept of "aperture sharing'. Instead of four telescopes
per cluster, one larger telescope would be used, A set of four mirrors
would be used to direct the energy from each of the stars through a
common wedge into different portions of the entrance aperture of this single
telescope. This approach reduced the weight and volume requirements and,
due to the single wedge, eliminated the wedge synchronization problem.
In addition, unfortunately, it tended to complicate the task of signal
separation since now the four stars in each cluster utilize a common
reticle. One approach at separating signals involved doubling the field
of view of this single telescope and having a quadrantized reticle, one
quadrant being for each star., In addition to involving a relatively difficult
alignment task, since the four channels must be independently aligned,
a considerable amount of internal baffling would be required to prevent
cross-talk between channels with this configuration., What finally evolved,
therefore, was an approach which reverted to four independent telescopes,
but symmetrically configured such that the advantages of the single

telescope are retained.

BASELINE DESIGN

Figure 4-1 represents the baseline configuration of the "Sensor Cluster"
for the case of the northern hemisphere. It has been verified that the southern hemi-
sphere cluster is essentially the same except for the angles of the
pointing mirrors and the sunshades. The eight reference stars for this

design are as given in Table 4-~1.
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The optical system is described in detail in Section L.4, Each
telescope objective consists basically of two cemented doublets with an

entrance aperture diameter of 1.25 inches and focal length of 2,50 inches.

The primary structure consists of a beryllium baseplate, which bolts
directly to the gimbal shaft with an adapter plate, and a beryllium cylinder
which supports the telescope assembly. The pointing mirrors are polished
as facets on a solid block of berylliume. This mirror cluster is mounted
directly on the baseplate and through a long shaft drives a single wedge
directly in front of the telescope assembly. The PMT's, relay optics,
and shutter assembly are mounted to a housing which attaches €o the

telescope assembly mounting flange.

The sunshades, high voltage power supply, and two preamps are
supported by an outer structure which attaches to the primary structure
at the gimbal mounting interface., Not shown in the layout is a blanket

of superinsulation which covers the entire exterior of this outer structure.

Energy from a star which enters a sunshade is reflected by a facet
on the mirror cluster into its telescope. The image of this star is
nutated by the optical wedge across reticle slits at the focal plane
of the telescope, The energy passing through the reticle is relayed to
a PMT by folding prisms and distributed on the PMT faceplate in a 0.25
inch diameter blur by two condensing lenses., One PMT is used for
two telescopes and signal separation is accomplished by using "L"
shaped reticle slits in the two telescopes and rotating them so
that their pulse trains are 180° out of phase. This technique provides

inherent synchronization created by the use of a single wedge.



Figure 4-10 is a preliminary configuration of the reticle pattern for the
baseline design. The critical requirement for the reticle is to

minimize variations.in slit width which would produce centroid shifts in
the output pulses. The tolerance selected (* 0.000012 inches) for line
straightness and irregularities is the maximum tolerable consistent with
over-gll accuracy requirements. The reticle requirements were reviewed
with two possible vendors and both considered the reqﬁirements achievable.

The critical items from the standpoint of alignment stability are
the mirror cluster and the telescope assembly (the machined housing
oontaining the four telescope objectives). The relationship between these
items and the gimbal interface completely determines the boresight stability
of the cluster. The angle between the wedge and the teiescope optical axis
is not critical since the deviation produced by the wedge is dependent
only the angle between the wedge faces. The function of the relay prisms
and condensing lenses is only to transfer the energy which passes through
the reticle slit'to the PMT and therefore has no effect upon alignment
accuracy . The alignment of the sunshades is important only from the
standpoint of sun rejection and preventing vignetting of the optical system.'
MATERIALS |

The material selected for the primary structure supporting the mirror
cluster and telescope assembly is beryllium for two primary reasons -

1) dimensional stability with respect to time and temperature and 2) high
thermal conductivity. Dimensional stability of a material is primarily a
function of the degree to which internal stresses can be relieved. Beryllium,
because of the sinfering process by which it is formed, is inherently a very
hOmogeneous material. Its dimensional stability is therefore superior to
most metals even after rather servere temperature cycling.

Any telescope or telescope assembly, regardless of how stable the
material from which it is made, will not maintain a preoise boresight
alignment if temperature gradients exist within the structure. In the case
of this design, a temperature differential of 1°F from one side of the
beryllium cylinder to the other will produce a boresight shift of approxi-
mately 2 arcseconds. The high thermal conductivity of beryllium tends to
minimize temperature differentials and this resul tant distortion.
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THERMAL CONSIDERATIONS

As mentioned above, temperature gradients within a precision optical

assembly can create intolerable distortions. In addition tothe employment of material
with high thermal conductivities, gradients can be minimized by having a
symmetrical structure and eliminating unsymmetrical heat loads. The wedge
motor produces approximately 90% of the overall heat load in a cluster.

For this reason it was located at the base of the structure where its heat
can be dissipated readily with minimal effect on the critical elements

of the system. The exterior of the outer structure is covered with a blanket
of super-insulation to protect it from the unsymmetrical heat load of solar
radiation. Any heating in the outer structure, along with the heat load
produced by the electronics, is dissipated by conduction at the base of the
primary structure and is not coupled into the telescope assembly.

The most severe source of unsymmetrical heating will result from solar
illumination on the interior of the sunshades. A preliminary thermal analysis
has indicated that in the worst case sunshade temperatures in the order of
250°F may be attained. Reradiation from the sunshade to the primary structure
and telescope would result in intolerable temperature gradients. Although V
not shown in the baseline design, it appears that an intermediate thermal
shield between the outer structure and the beryllium inner structure will be
required. This intermediate radiation shield would control this reradiation
and would conduct and dlstribute this heat load in a more symmetrical fashion
into the base of the prlmary structure.

SHUTTER ASSEMBLY
The shutter consists of a coded disc which is rotated behind the four

reticles. The holes in the disc are arranged such that none, any one, or
any two telescopes can be selected. The disc is driven by a stepper motor/
gearhead with a potentiometer for position readout.
WEDGE MOTOR

The~requirements for the wedge motor are that it must rotate the wedge
at 4 revolutions per second and the short term (within one revolution) speed
variation must be negligible with respect to system tracking requirements.
Studies show that a specially designed ‘hysteresis synchronous multiple-

pole motor will satisfy motor requirements, and this is the baseline choice.
Another possible selection would be an induction motor which, although subject
to long term speed variation, has better short term speed Stability since it
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does not tend to "hunt' like a synchronous motor. The disadvantage of
an induction motor lies in more complex electronics to slave the signal

processor and the motor frequency.

The bearings for the wedge drive assembly have been tentatively selected
as duplexed pairs of MPB #3 TAR 8-12 with a dry film lubricant.
The dry film lubricant is very desirable from the standpoint of minimizing
outgassing around an optical system and is acceptable because of the light

bearing loads and low speed operation.

Sunshade Design

Of the 8 selected stars, they can be generally classified with
respect to Sensor Cluster geometry as either high stars or low stars as
a function of their angle of declination, Since there are not stars of
interest between 20° and 500 declination, all stars below 20° are defined

as "low" and all stars above 500 are "high',

Referring to Figure 4-1, it can be observed that the diameter of
the Sensor Cluster is determined by the length of the sunshade for the low
stars, if all sunshades are made equal in size. Sunshade length is a
direct function of aperture diameter, and originally all were made equal,
based on the dimmest star. However, the dimmest of the low stars (Altair)
is approximately 4 times brighter than the absolute dimmest
star (Phecda). This allows a reduction in aperture diameter and sunshade
length of up to one-half for all low stars, thereby producing a significant
reduction in cluster diameter.

The critical aspects of manufacturing sunshades are producing knife
edges on the baffles and producing highly absorbing diffuse surface
finishes. A considerable effort has been expended on previous programs in
developing the techniques and processes for achieving both of these features,
Key to both is the type of surface finish used to produce the low reflectance.
There are a number of black paints which are acceptable optically, but paint
has two primary disadvantages. First it tends to build up on knife edges and
degrade their sharpness, and secondly it tends to flake off during launch

vibration and produce particle contamination. This contamination must
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be avoided since sun-illuminated particles in the FOV of a star sensor
appear very much like a star. A special process was developed for a very
similar application in which 1% diffuse reflection was obtained by a combination

of chemical etch and black anodizing. In the

0.3 to 0.8 micron region it was found to be optically superior to any
other finish studied., Since it is basically an anodize, it is also a

"clean" and relatively durable surface.

Mass Properties

The total weight of one Sensor Cluster is estimated at approximately
14,8 pounds. A breakdown of this estimate is given in Table 4-4, The

mass moment: of inertia of one Sensor Cluster about the inner gimbal axis

2
was estimated at 0,025 slug-ft ,
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TABLE 4-4,

STARS SENSOR CLUSTER WEIGHT SUMMARY

B.

TELESCOPE ASSEMBLY
1. Beryllium Baseplate
2.. Beryllium Cylinder
3. Telescope Housing (AL)
4. Reticle Assemblies
5 Optics
a. Objectives
b. Wedge
Beryllium Mirror Cluster
Motor
a. ©Stator
b. Rotor
Bearings, Retainers, Supports
9. PMT/Shutter Support Housing
10. PMT/Relay Assembly
a. PMT's (2)
b. Brkts (2)
c. Misc
11. Shutter Assembly
12. Misc Hardware, etc
OUTER STRUCTURE

Main Structure

N

Sunshades
Electronics

Super Insulation
Misc Hardware, etc

AU R 8

Total (One Hemisphere)

(@)

o O

o

U5
.22

.83
.25

.76

.10

0.85
1.07
2.15

.08
.67

0.85
1.08

0.35
0.10
2.26

0.25

H

O O = o ¥

.00

179 F




4,3 Sunshade Design

Introduction

Each STARS individual star tracker is required to track its selected
star when the sun is = 500 from the optical axis and when the spacecraft or
earth is 215o from the optical axis., To accomplish this, a baffled sunshade
is required in front of the telescope to shade the optics and thereby limit
the amount of light from the sun, earth or spacecraft which can enter the
optical system and reach the detector. The baffling must attenuate the
energy from the bright off-axis source to values which are tolerable
relative to the energy from the star of interest., The dimmest star of the
selected set is a 2.3 visual magnitude star whose irradiance in the spectral
passband of interest is almost 12 orders of magnitude less than the sun,
so that this is approximately the order of magnitude attenuation required

of the sunshade.

A perfect sensor sunshade is of course an infinite baffle, With
such an infinite baffle the only sources of off-axis energy that can
enter the telescope aperture results from scattering from the edge of the
baffle aperture and diffraction off the baffle aperture, The remainder
of the energy that enters the baffle aperture is allowed to proceed
uninterrupted. This of course, is not practical for real systems, so that
a sunshade normally consists of an aperture and a baffling system designed
to best simulate a perfect absorber. The baffle surfaces have a low
reflectivity finish, either diffuse or specular, or a combination of the two,
and off-axis light is attenuated to acceptable values by forcing it to go

through multiple reflections before it can enter the telescope,
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Referring to Figure 4~1, energy from a star of interest passes through
the sunshade, is folded by a mirror, nutated by a rotating wedge in front
of the telescope, and finally reaches a reticle at the focal plane of
the optical system. The shade is designed to shadow the folding mirror

from direct radiation from the off-axis bright sources.

With any practical sensor shade, energy can enter the optical system
and reach the detector via a multitude of paths., Both diffraction from
edges and scattering from the baffles provide the mechanism by which unwanted
energy reaches the detector. As will be shown later, the amount of
energy reaching the detector through diffraction is not significant; the

dominant mechanism is scattering of the sunshade surfaces and optical elements.

Sunshade Configuration

Two sunshades, shown in Figures 4-~11 and 4-12,received detailed analysis
for the STARS application. The length and entrance diameter of both shades
are chosen such that all rays within the optical field of view enter the
optics unobscured and rays 215o off axis cannot strike the first. optical
element a folding mirror. The interior of the shade at the narrower
portion of the sunshade is lined with baffles arranged so that no
light can enter the optical system without undergoing at least two diffuse
reflections for a source greater than 15o from the optical axis. Both
sunshades are designed with an increased diameter for rays entering at
angles greater than 30° thereby providing a greater baffle volume for sun
energy rejection (the sunis always greater than 30° from any optical axis).
The shape of the front portion of both sunshades is designed such that any
energy must also go through at laast two diffuse: reflections before it can
enter the optical system., All baffles are always out of the field of view
of the optical system and the baffle edges must be manufactured as sharp as
possible to reduce the light directly reflected from them into the optical
system, All baffle surfaces (and all non-optical surfaces ) are diffuse, low-
reflecting surfaces.

Scattered Light Analysis

The criterion used to evaluate baffling effectivenss is in terms of the
equivalent irradiance due to each unwanted light source. Equivalent irradiance
is defined to be the irradiance at the optics entrance aperture which results
in the same output from the detector as would result from a star with the same
effective irradiance. For the STARS tracker, the sunshade must limit the

equivalent irradiance to values less than 1.1 x 10-15 watts/cmg.
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Energy reaches the detector by first scattering off the sunehade
surfaces and then exiting the rear of the sunshade. Since all portions of
the sunshade are out of the field of view of the optical system, only energy
which is scattered off the portions of the folding mirror, wedge, or telescope
elements can reach the reticle. Finally, only energy which impinges on the
clear portions of the reticle can reach the detector.

In calculating the radiant intensity reflected from the shade there
are three different paths, of two reflections each, to be considered. These
are illustrated in Figure 4-11.They are A) from the sun illuminated baffle to
the adjacent baffle, B) from the sun illuminated baffle to the adjacent wall
of the sunshade, and C) from a number of sun illuminated baffles to the wall
on the opposite side of the sunshade.

Consider scattering along paths A & B. The power falling on the illuminated
surface if HOAi cos A, where HO is the incident irradiance within the spectral
band. This is multiplied by p/n to get the reflected radial intensity moved
to the surface, vhere , is the reflectivity of the surface. The solid angle
subtended by an infinitely long strip at a point on an adjacent strip was
used to approximate the solid angle subtended by the wall or baffle adjacent
to the sun illuminated baffle. This modified solid angle, which contains a
factcr to account for the cosine falloff, was calculated to be approximately
equal tO\ﬂmE cos éiQ cos eri) /2 dlz' This approximation is valid for curved
baffles if they are reasonably close together, and the radii of curvature are
not toco small.

The subscripts 1 and 2 refer to the first and second reflecting surfaces
in the sunshade. Therefore, wo is the illuminated width of the second baffle,
giz is the angle of incidence on the second baffle, ar, is the angle of

reflection from the first baffle to the second baffle,land d12 indicates the
distance hetween the first and second reflecting surfaces of the sunshade.
The reflected radiant intensity normal to the second surface is
obtained by ﬁultipling the power on the surface by p/n. The resultant
expression for radlant intensity normal to the second surlface o the ith

buffle after normalization to the incidence irrudiance

: 2
3 _ ( cos esp )(Aiwg cos eri cos eie )

Ho 2m \

@12
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wiere 0 is the source angle, and A is the illuminated
baffle area normal to the optical axis and projected onto the entrance aperture
of the sunshade.
Considér scattering along path C. The same procedure is followed as in
paths A and B, where HOAJ
surface facing baffle J, and(D cos g rﬁ/n is the fuctor which gives the

cos es is the incident power on the illuminated

radiant intensity reflected from the surfuace.

The solid angle subtended by the second surface at the ith baffle across
the sunshade was approximated by nrzwz cos giz/dIZZ , where r, ié the radius
of the sunshade. The reflected radiant intensity normal to the second surface
is the solid angle times the projected illuminated area times o/u. The
resultant expression for irradiant intensity normal to the second surface at

the ith baffle is

2
. cos g 0 ( )
;i - NZ ( - s) ( - ) AJ Ty w, COS @A, COB @, flz’
e} J:l d12

where N is the number of baffles in the sunshade and f12 is the extended
fraction of the second surface illuminated by radiation reflected from the
first surface.

The edges of the baffles also scatter energy into the optics. Assume
the baffle edges are diffuse reflecting surfaces, whose cross section is

circular. The radiant intensity reflected from a cylindrical edge of length

Ji :
1 and radius r is given by = = 0T
H, = sin (gs + gr) - (gs * 0, Cos(es#er)]

where pr is the angle the reflected rays make with the optical

axis. It is determined by the location of the surface which is being
~illuminated by the radiation from the baffle edges.

The undesired radiation exits from the sunshade and illuminates the
folding mirror and the wedge in front ol the telescope (other surfaées such
as the interior of the telescope are negligible contributors). All optical
surfaces have imperfections, such as scratches, pits and digs, and bubbles in
refractive elements, as well as dust which is on the surface. These imper-
fections act as diffuse scatterers of any radiation which falls upon them.

Light scattered from them can go directly to the detector.
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Figure 4-13. Baseline Sun/Earth Sunshade for STARS
Using ""Smoke Stack' Shape
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It is assumed that the amount of light that is scattered is proportional
to the areas of these imperfections. The ratio of the scattering area to the
area of the optical surface is a function of the optical surface specificatiohs,
and of the dust content of the ajr in which the telescope was assembled. It
was assumed that the folding mirror was a super polished mirror, the optical
surfaces conform to 60-LO specs, the amount of dust on each surface was equall
to that in one cubic foot of air from a class 100,000 clean room, and the
total amount of light intercepted by surface defects and dust was forward
scattered with a Lambertian distribution.

Scattering Analysis

The two sunshades which were evaluated are shown in Figures 4-12 and 4-13, It
was believed that the "cone-shaped" sunshade would be the most effective,
however, the "smoke-stack" sunshade is a better configuration from the point
of overall sensor cluster geometry. The calculations were made using the
already discussed approach with the help of a computer to speed up the
rather tedious calculation process. Both sunshades were evaluated for two
cases. 1) The sun 30° from the optical axis and 2) the sun illuminated
spacecraft 15° or more from the optical axis.

The assumptions as to parameter values used with calculations are as
follows:

1) The baffle surfaces and sunshade walls are assumed to have a
diffuse reflectance of 4% and scatter energy in a Lambertian manner. (This
corresponds to measured performance from sunshades manufactured on previous
programs ).

2) The amount of energy scattered off the baffle edge is proportional
to the radius of the "knife-edge". From measured samples (using photographic
tcchniques) 0.002 inch radius is taken to be a practical value.

3) The clear reticle aperture is taken to be 1.2 x 1077 radiansz.

) The sun is assumed to be a point source having an irradiance in the
spectral paséband of 5 x 107 w/um2 (0.325um to 0.800u).

5) The sun illuminated spacecraft is assumed to be a diffuse reflector
with 80% reflectivity. The total irradiance of the spacecraft was determined
by integrating the irradiance form 15° off axis to 89° off-axis (at 90°, no
1ight can enter the shade.)



This analysis was performed yith thehelp of a FORTRAN computer program which evaluates
an integral of any function over an extended source (see Figure 4-14)., The

integral to be evaluated is

8 R
2 .
2 I I F(¢) sin @ d® dg where g = cos ™t (sin &, - €05 6 Sin E>

8 o] sin g cos E

S

B

91 and 92 = angle from optical axis to integration limits, and

F (@) is the value of any function of g at a particular g.

angle between rocal horizontal and extended source,

It

angle between local horizontal and optical axis,

The spacecraft was assumed to reflect 30% of the energy falling on it from the
sun. The irradiance due to point sources 15°, 20°, 30°, 45°, 60°, T75° and 85°
off axis was calculated and the integration was performed over the curve of the
irradiances of these point sources. The result is the irradiance of the space-

craft from 15 degrees off axis to 89° off axis.

(Nt Logoe

e LOCAL HORIZONTAL
E
——
1

OPTICAL AXIS

EXTENDED SOURCE

Figure 4-14. Geometry for Integration Over Extended Source



Diffracted Energy from Bright Off-Axis Sources

‘It is possible for energy to reach the detector through the mechanism
of diffraction. A simplified (but worst case) calculation has been made to
determine whether this source of energy can be a significant contributor,

Diffracted energy can reach the detector via two paths, Referring to
a simplified sketch of the STARS telescope/shade, Figure 4-15, energy can
diffract off the baffle edges and then rediffract off the entrance aperture
and reach the detector, It is also possible for energy to diffract off the
baffle edges and then scatter off of the optical elements and reach the
detector via this path, No energy can reach the detector without undergoing
at least two diffractions or a diffraction-scattering since the baffles are
designed to always be out of the optical field of view and diffracted energy
appears to emanate from the diffracting edge. It is noteworthy that during
the diffraction analysis it was observed that the swept field of view ( from
the nutating wedge) comes quite close to including some of the baffles., This
cannot be allowed to occur since energy reaching the detector from diffraction
(and for that matter, scattering) will increase orders of magnitude if
baffle edges enter the field of view. To guard against this occurence,
it is recommended that the clear field of view for the shade be increased
slightly by increasing its iength and baffle edge diameters,

As the worst case, the energy resulting via diffraction for the sun 150
from the optical axis has been considered. This case is obviously worse than
the 300 sun requirement but was chosen to encompass the 150 extended source
(earth or spacecraft) requirement, Calculation for an extended source is
tedious and time-consuming, however, analysis of similar systems indicate

that the sun 15o off-axis would be a worse condition,

Diffraction - Diffraction

The calculation of the amount of energy that enters the field stop
by diffraction is not a trivial task. This determination has been simplified
by recognizing that the formulas for diffraction from a straight edge are
adequate and that the diffracted energy can be considered as emanating from
a point at the intersection of baffle edges and the plane formed by the

bright source (sun) and the optical axis.
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By this technique, a estimate of the diffracted energy 1is made through successive
application of the straight edge diffraction formula which is given by:

A 8
L xzkxz

SaNe

where

= diffracted irradiance

incident irradiance

= wavelength = 0.5 x lo'hcm (0.2 x lO-hin.)
= perpendicular distance into the shadow where

I I
{]

H2 is measured

distance from diffracting edge where

0
1}

H2 is measured

Figure 4-151is a sketch of the cross section through the optic axis of an
equivalent STARS telescope in the plane of the sun and optical axis. The
diffracting edges of interest are labeled d1 through d9 for the geometry given
in the sketch. To reach the field stop, the energy must rediffract at the
aperture stop edges labeled d8 and d9. The energy at a point on the reticle
is thus determined by calculating the irradiance from the first diffraction
which reaches the second diffracting edge by the straight edge formula and
then reapplying the formula to determine the energy at a point on the reticle.
The optical transmission of ® 0.8 should be applied to the second diffraction.
An estimate of the total energy at a point on the reticle is then the sum of
all the path energies. The energy at the center of the reticle for a number
of paths 1s tabulated below where the effective incident irradiance from the

2
sun is taken to be 0.32 watts/in” (0.05 watt/inz).

PATH H (AT RETICLE CENTER)
d g 0.63 x 10°1% watt/inz
dl 2.8 x 10'll
9 -11
a 1.5 x 10
28 12
d 1.11 x 10
29 -11
4 1.5 x 10
78 13
p q79 1.0 x 10
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It is evident that paths d18’ dl9’ and d28 are the méjor contribut?{g
and the total energy at the reticle center is estimated to be ® 1.2 x 10
watt/inz.

An estimate of the energy passing through the reticle is necessarily
difficult because of the complexity of the reticle pattern and the lack of
symmetry aboﬁt the opticai axis of the diffraction pattern. The reticle
diameter ig quite small and from the calculations, 1t appears that the
diffracted energy will vary at most plus and minus a factor of four acroes
the reticle and the summation of the various pathe will tend to average.
The baseline reticle slit in an L-shape with each leg 1.2° long and 60 arc-
seconds wide. This is equivalent to [(2)(0.053)(0.00072) =T.6 x 10'51n2J
and assuming the irradiance across the reticle constant.

P through reticle = (7.6 x 10°°) (1.2 x 10°°) = 9.1 x 10”
The equivalent irradiance at the aperture due to diffraction-diffraction is

15

wvatts.

therefore,
p 9.1 x 1072
He (15° Sun) = A = 6Il'
q eff :
This value is well below that which can be tolerated (1.1 x 1073
watt/cmz) and is about the same order of magnitude as the scattering prediction
for the sun 30° off the optical axis. Although the calculation just performed

appears excessively simplified, the approximations and assumptions are quitbe

15

1.4 x107 watt/cmz

sound. Two similar systems have received comparable analysis and in both
cases the analysis indicated diffraction to be negligible. Both systems were
subsequently tested and the results correlated.
Diffraction-Scattering

Another path by which energy can reach the field stop is through
scattering off the folding mirror or telescope elements after diffraction from

the baffle edges. An estimate of this unwanted energy contribution is made

-by first using the straight edge diffraction formula to calculate the diffracted
irradiance at a potential scattering surface and then calculating equivalent
irradiaence at the aperture due to the scattering.



All the scattering surfaces are assumed to forward scatter with a
Lambertian distribution and having a diffuse reflectance of 5 x 1o'u.
Using these assumptions, the equivalent irradiance due to diffraction-
scattering off the folding mirror and the first lens of the telescope

were estimated to be

Heq ( sun at 150) = 5.3 x 10-16 watt/cmg (Folding Mirror)

- 2
Heq (sun at 150) = 3.4 x 10 16 watt/cm  (First Lens)

This source of energy is significantly less than the other calculated
noise contributors and almost three orders of magnitude less than the

maximum acceptable level.

TABLE 4-5. CALCULATED EQUIVALENT IRRADIANCE AT STARS SUNSHADE

Configuration

'""Cone- Shaped"

"Smoke Stack'
Shaped

Equivalent Irradiance due
to the sun at 30° off
axis

3.5 x 10715 watts/cm2

4.0 x 1071 watts/Cm2

Equivalent Irradiance
dug to the spacecraft
157 or more off axis

2,0 x 10719 watts/cme

1.8 x 1072 watts/Cm2

The results of the above analyses are summarized in Table 4-~5, It can

be seen that both configurations are well below the maximum acceptable level

(1.1 x 10_13 w/cmg). It should be kept in mind that these numbers are based

on many approximations and assumptions, and it is estimated that an order
of magnitude error could exist. If one assumes that the actual performance
will be a factor of ten worse than predicted, the equivalent irradiance is

_1h

on the order of 10 watts/cm2 which still provides comfortable margin.,
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4.4 oOptical System

Introduction

The STARS tracker requires the use of eight essentially identical
sensors, each tracking a certain star in the celestial sphere from an
orbiting spacecraft. To keep the size and weight of the STARS mechanism
within reasonable limits, a length restriction of 2.65 inches was placed
on the optical design for the front vertex to reticle distance; a focal
length of 2.5 inches was considered reasonable for this length restriction.
For sensitivity requirements, an entrance aperture diameter of 1.25 inches
was required, making the speed of each lens £/2.0. A circular field of
view of + 1° was felt to be adequate. The spectral region of 0.3 to 0.8
microns was determined by the response of the S-20 photo surface of the
photomultiplier tube (PMT). As described in the previous sections, tracking
is accomplished by using a nutating wedge in front of the objective lens to
circularly scan the star image over the reticle pattern. A condensing lens
images the entrance aperture onto the PMI. In order to star track success-
fully, the objective lens is required to have an image blur size less than

0.5 mrad.

Optical Materials

Perhaps the most demanding requirement on the optical design is its
ability to transmit energy in the near ultraviolet down to 0.3 microns
wavelength. TFigure 4-16 is a sensitivity profile of the S-20 photo surface
of the PMT; this response limits the wavelength region at either end of the
extended visual spectrum. The difficulty lies in finding suitable optical

materials that transmit over this region, especially in the near ultraviolet.
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Most optical glasses transmit well from O.4 to 2.0 microms, but very few
transmit well at 0.35 microns or transmit at all near 0.30 microns. Furthermore,
the handful of optical glasses that do transmit at 0.3 microns all have very
similar optical properties (refractive index and dispersion). Since chromatic
aberration will be a severe optical design problem, a material with optical
properties differing sufficiehtly from those of standard optical glasses
must be used to obtain control over chromatic aberration.

- Numerous crystalline materials transmit very well into the near ultraviolet
(some even transmitting below 0.2 microns); unfortunately, most of these have
undesirable optical properties, such as water absorption and birefringence,
that make them unsui table for use in the STARS program. Three materials have
been found with acceptable optical properties: calcium fluoride, sapphire,

and fused quartz. Sapphire and fused quartz have optical properties somewhat
similar to the ultraviolet-transmitting optical glasses so that there would

be no significant benefit gained in aberration control due to using these
materials in place of a standard optical glass. Calcium fluorlde (Can),
however, does have a refractive index slightly lower than the transmitting
optical glasses and, more importantly, has significantly less dispersion than
do these glasses. CaF, was therefore chosen to be used as the "erown" for
positive elements in the optical design. The standard ultraviolet-transmitting
optical glass with properties differing most from Can is Schott K10; this
material, normally used as a "crown" in optical design, will be used as the
"flint" elements in this optical design.

The condenser: portion of the STARS sensors requires the use of a reticle
substrate and right angle prisms. Since the dispersion properties of these
plane-parallel elements are not as critical as those of spherical-surfaced
lens elements, the more common material, fused quartz, will be used in place
of Can, K10 not belng considered due to transmittance requirements. Refractive
index data for General Electric type 151 (GE 151) fused quartz has been used
for the prisms and reticle substrate; since the refractive index of various
types of fused quartz differs only slightly from manufacturer to manufacturer,
the use of another type of fused quartz having special properties can be
aooammpdatgd with only minor, if any, change in the optical ‘design. Figure 4-17
depicts the ultraviolet internal transmittance (that is, neglecting surface
reflection) of CaF,, GE 151, and K10, the three materials used in the optical

design calculations.
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Optical Design of the Objective Lens

Due to the fact that CaF, is more sensitive to vibration and thermal
shock than optical glass, it was decided to have cemented surfaces between
Can

elements. Under this restraint, a design concept of two cemented doublets,

and K10 elements to minimize the possibility of damage to the CaF2

separated by an airspace, was adopted; as mentioned previously, Can would
be the positive "crown' elements and K10 the negative '"flint" elements. Due
to the small field of view, the position of the aperture stop was not

critical; it was placed between the two doublets.

During the optical design stage, the major difficulty lay in controlling
spherical aberration while maintaining small chromatic aberration. Due to
the small field of view, off-axis aberrations such as coma, astigmatism, and
field curvature were easily controlled and presented no problem. The final
design resulted after a careful balance of chromatic and spherical aberration;
thus the image quality is limited by sphero-chromatism (as is to be expected
in a small field-of-view, high f/number lens covering the extended viswal
spectrum). Figure 4-18 is an optical schematic of the objective lens; nearly
all of the optical power of the lens lies in the first doublet, the second
doublet having very little optical power, its function being primarily aber-

ration control. Table 4-6 lists optical parameters pertinent to this design.

Figure 4-19 is a plot of knife edge scans of the on-axis and full field
images formed by the objective lens. A knife edge scan can be interpreted as
the increasing percent energy covered up by a knife edge as it is passed over
the image of a point source. An expanding slit function shows percent energy
uncovered by an infinitely long slit as a function of slit width, the slit
always being centered on the image; this is analogous to the more-familiar
radial energy distribution plot. Figure 4~20 shows the expanding slit functions;
from this figure it can be seen that the slit width containing 90% of the
transmitted energy is 0.44 mrad on-axis and for full field :is 0.46 mrad in the
sagittal plane and 0.57 mrad in the tangential plane. These data do not in-
clude the effects of diffraction; however at 0.55 microns wavelength (the center
of the 0.3 - 0.8 micron band), the diameter of the Airy disc is only 0.042 mrad.
Thus the effects of aberrations are about an order of magnitude greater than
diffraction effects and, for the purpose of evaluating image quality, diffraction

may be ignored.
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TABLE 4-6.

OPTICAL PARAMETERS OF OBJECTIVE LENS

Parameter

Value

Design Configuration

Two cemented Can - K10
doublets separated by an
alrspace

Effective focal length

R ST SN

2.50 inches

Entrance aperture diameter

1.25 inches

f/number

Field of view

SPAREISRL T D p e ) S 5L NACASID

Overall length

2.70 inches

Spectral region

R

0.3 - 0.8 microns (See Figure 4-16)

Transml ttance

(See FPigure 4-21)

Airy disc diameter

0.04k2 mrad at 0.55 p wavelength

S1it width containing 90%
of transml tted energy

(geometrical aberrations only)

0. 44 mrad on-axis
0.46 mrad full field sagittal plane
0.57 mrad full field tangential plane
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Transmittance data for the objective lens have been calculated assuming
that no anti-reflection coatings will be used on the lens elements. Due to
the low refractive indices of the materials used, 1.44 for CaF2 and 1.51 for
K10, no effective single-layer anti-reflection coating exists that may be

used.

Multi-layer coatings have not been investigated; it was felt that such
coatings on a low-index substrate covering the extended visual spectrum would
be very expensive if obtainable at all. However, also due to the low
refractive index, the Fresnel surface reflection losses are small: 3.3% per

surface for CaF 4.4% per surface for K10, and 0.1% at a CaF_, - K10 interface.

2° 2

By combining the Fresnel reflection losses with material absorption losses
(presented for ultraviolet wavelengths in Figure 4.16), uncoated lens trans-
mittance data may be obtained as a function of wavelength; this data is shown

in Figure 4-21,

Optical Design of the Condenser System

Energy transmitted through the reticle located at the image plane of the
objective lens must be transferred to the PMT surface; this is the task of
the condenser optics. The condenser optics consists of an air-spaced CaF2
K10 doublet and three GE 151 fused quartz right angle prisms; together they
image the exit pupil of the objective lens onto the PMI, Due to optical
design difficulty, the Can - K10 doublet could not have a common cemented
interface. GE 151 was used for the prisms as it has as high an ultraviolet

transmittance as CaF, without the associated environmental problems, refractive

2
index and dispersion not being overly significant parameters for the prisms.

The condenser optics must form a 0.28-inch diameter spot of reasonably
uniform intensity on the PMT surface from all fields of view. The major concern
is to have no '"hot spots" over the field of view falling on the PMT as this
could adversely affect the PMI output when the system was tracking a star at
the '"hot spot'" object position. The major problem during the optical design
stage was the proper positioning of the condenser lens in the beam among the
three prisms in order to obtain the correct longitudinal and angular magnifi-
cations required to image the exit pupil of the objective lens onto the PMT
surface with uniform illumination. Figure 4~22 is an optical schematic showing
the condenser optics as well as the objective lens. 1In this preliminary design,
the positive condenser element vignettes very slightly the extreme field of
view; this vignetting (4% of the energy) eliminates possible total imternal

reflection at the rear surface of the positive condenser element.
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Figures 4=23a, b, and ¢ are spot diagrams of the beam striking the PMT
surface from axial, 0.7° field of view, and full field object points,
respectively. The crosses represent 48614 light, the "X's" 33414 light,
and the triangles 70654 light; the large circle shows the outline of the
0.28-inch diameter circle that should be evenly illuminated on the PMT
surface. Each figure is centered at the center of this 0.28-inch circle so
the three figures may be directly superimposed to give a composite view of
the PMT illumination from three field points. It can be seen that the
illumination on the PMT will be very uniform from all field points except
for the slight vignetting effects visible at the top of the illuminated

circle for the full field case.

Transmittance data for the condenser optics have been calculated in
a manner analogous to that of the objective lens assuming no anti-reflection
coatings. Figure 4-21 shows transmittance vs. wavelength for the condenser
optics as well as for the entire sensor. Table 4-7 lists optical parameters

pertinent to the condenser optics.

Additional Considerations

The star tracking system depends on locating the center of the star
image as it is scanned over the reticle pattern by the nutation wedge. Any
asymmetry in the star image will give rise to inaccuracies in the tracking
system. The reticle pattern will be positioned so that the star image will
always be scanned across a reticle slit in the sagittal plane of the image.
For a centered optical system, the sagittal plane of an image always exhibits
symmetry even in the presence of aberrations. However, manufacturing tolerances
can give rise to an asymmetric image in the sagittal plane. Very tight manu-
facturing tolerances can be assigned to the lens radii, thicknesses, and glass
quality to minimize these effects. However, the optical alignment of the elements
must be very precise to insure no errors arise due to tilting or decentering of
optical elements. Naturally, the smaller the theoretical image blur is, the
easier it will be to detect errors due to alignment problems. It is therefore
desirable to have a smaller theoretical blur size than the 0.45 mrad exhibited
by the current design. It is felt that no significant improvement in image
quality can be made using the current two-doublet design concept. However,
use of additional optical elements, such as making each doublet a triplet,

or splitting the CaF, - K10 bond, should result in a smaller image blur size.
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TABLE 4-7,

OPTICAL PARAMETERS OF CONDENSER OPTICS

Parameter

Value

Design Configuration

Al r-space achromatic Can - KO
doublet with associated GE 151

quartz prisms

Overall length

Magnification of entrance pupil

1.75 inches

Numeri cal aperture

Spectral region

0.324
0.075
B U

0.3 - 0.8 microns (See Figure 4-16)

Transnd ttance

Uni formity of illumination

(See Figure 4-21)

[T

(See Figures 4-23a,b,c)
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To explore this possibility a feasibility study, described in a later sub-
section (see "Further Studies") was undertaken, exploring the possibility

of achieving 0.1 mrad blur width.

The condenser optics currently consists primarily of an achromatic
doublet. Achromatizatioh of the spot size on the PMI, however, may not be
necessary. A condenser system should therefore be designed using two GE 151
fused quartz lenses. This will eliminate any environmental problems

associated with the CaF., element as well as greatly increase the transmittance

below 0.35 microns of tie condenser optics since the K10 element in the current
design begins to absorb energy at this point (see Figures 4-16 and 4-20).

A trade-off between image quality on the PMT surface and cost and environmental
problems will determine which approach should be used for the final condenser

optics.

The transmittance data presented in Figure 4-20 were calculated assuming
uncoated optics. An investigation into the availability, cost and efficiency
of antireflection coatings should be carried out. The decision as to the type
of coatings, if any, to be used should be made as a result of a trade-off

between cost and increase in transmittance.

CaF2 is not the best optical material to use from a physical properties

standpoint. It is, for example, susceptible to damage from thermal shock as
well as having poor working properties in the optical shop. It is definitely

felt, however, that CaF, must be used in the objective lens in order to obtain

2

control over chromatic aberration. The concept of cementing the CaF2 elements

to the K10 elements arose primarily due to a desire to strengthen the CaF2
element to protect it from vibrational shock. The coefficient of expansion of
CaF, is significantly different from K10 (much more so than in a more-conven-
tional "crown=flint'" cemented doublet using standard optical glasses) so that

a problem may arise due to variations in temperature. Although the operating
environment will be thermally controlled to about + 5%F, it is definitely possible
that the ambient temperature during, say, storage and transportation could range

from 300 to'lOOoF. This could pose a problem at the cemented CaF, - K10 inter-

2

faces, causing the bond to break, or in a more severe case, cause the CaF, elements

2
to shatter due to stresses built up in them arising from differences in thermal
expansion of the two cemented materials. It is felt, however, that if

temperature changes are gradual, no damage will occur to either the bond or



the CaF2 elements. Thermal shock, however, could damage the bond and/or

the Can element. An investigation should be undertaken to determine the
thermal properties of the CaF, - K10 cemented doublets. It may turn out
that it will not be possible to cement these two materials together. It

is thus clear that the concept of using CaF2 - K10 cemented optics should be
heavily investigated in the future not only from thermal and vibrational

considerations but also from an image quality standpoint.

Further Studies

A feasibility study was conducted in order to see how the telescope
design could be changed in order to reach a goal of 0.1 mrad blur width
while keeping the same focal length, f-number and spectral region as the
baseline STARS optical design. The overall length of the system was to
remain unchanged, but this was not possible as the distance between the
lenses plays a significant role in correcting the aberrations of the
system. However, the overall length of the system was kept under control

as much as possible during the correction of the aberrations.

Performance vs Number of Elements

The performance (blur size) of the baseline design is limited by
chromatic aberrations. The two achromatic cemented doublets of the original
design have a blur width of approximately 0.45 mrad both on axis and at
full field.

The first attempt to minimize the blur size was to uncement the two
doublets and use the curvatures as additional degrees of freedom. This

did not reduce the blur size much below that of the baseline design.

In order to reduce the sphero-chromatism significantly, an apochromatic
cemented triplet was designed to replace the front doublet. An apochromatic
lens is one which is designed to correct the axial chromatic aberration for
three wavelengths. Again, as in the case of the doublets, the available
materials suitable for color correction are very limited. GE 151 was chosen
as the best suitable material to make up the third element of the triplet.
The blur width containing 85% of the transmitted energy is approximately

0.25 mrad both on axis and at full field.
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The next step in'trying to reduce the blur width was to use two
apochromatic cemented triplets. The extra element does little to improve
the performance of the lens, and the resulting blur width is still

approximately 0.25 mrad.

In all of the above mentioned cases, the performance of the lens
is limited by both spherical aberration and chromatic aberration. Since
it is extremely difficult to color correct an optical system over the
extended visible spectrum (0.3 pm to 0.8 um), spherical aberration correction

had to be reduced in order to improve color correction.

In order to reduce the blur size, the surface closest to the aperture
stop of the triplet-doublet combination could be made aspheric. It is there-

fore recommended that this design be investigated in future studies.

Simce only a first level investigation was undertaken, no design was
optimized to its fullest capability. It would therefore not be unreasonable
to expect that the blur widths could probably be reduced to 0.2 mrad in the
final design which, although still a factor of two over the desired goal of

0.1 mrad,is a considerable step in the right direction.
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4.5 Signal Processing

Introduction

The function of the STARS signal processor is to determine to the
required accuracy the angular position of any two selected stars from the
eight reference stars used. In the baseline design, each telescope has
an "L" shaped reticle at its focal plane and utilizes a rotating optical
wedge to nutate the star image across the reticle slit., A star image
crossing a slit generates a pulse which is sensed by a detector (a
photomultiplier tube). The timing of the pulse is dependent upon the angular

position of the star in the telescope field-of-view.

The signal processing consists of measuring the period between a
position reference pulse from a pick-off on the optical wedge and the
time the image crosses the slit. This time period will be stored in an
output register to make it available to the STARS tracker servo, while
the next position measurement is being made. Four measurements per
second are made, so an output register is updated every 250 milliseconds.
A block diagram of the baseline processor design is shown in Figure 4-24j
and the baseline design parameters are shown in Table 4-8, Table 4-9
summarizes the various error sources in signal processing along with an

estimate of their magnitude,
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TABLE 4-8. STARS SIGNAL PROCESSING PARAMETERS

Total number of stars

Number of stars used at any one time

Off axis tracking range
Sampling rate

Output precision

Power Requirements
On-Gimbal

Off-Gimbal

4/second

13 Bit
(1 Bit = 0. 45 sccond)

10 Watts

39 Watts

TABLE 4-9. STARS SIGNAL PROCESSING ERROR SOURCES

SOURCE

ESTIMATED RMS ERROR
IN ARC SEC

Wedge Position

Wedge Position Pick-off

Processing Electronics
Filter Delay Variation
Quantization Error
Threshold Accuracy
Detection and Logic Delay

Image Asymmetry

1.0

.14 to .10
0.1
Negligible

1.0
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SIGNAL PROCESSING BASELINE DESIGN

The baseline STARS design utilizes an "L'' shaped reticle at the focal
plane of each of the eight telescopes. The corner of the "L' is located at
the center of the field of view., The image is nutated by a rotating optical
wedge in front of the telescope objective. For a star whose position is on
the center line of the telesc0pe., the center of the nutation circle will be at
the intersection point of the two segments of the reticle. The phasing of the
reticle crossing with respect to the wedge position will change as the position
of the star changes with respect to the telescope pointing direction. This
change wiil be measured to provide the X and Y angular information. Figure 4-25
shows the reticle pattern with the nutated image path and indicates the pulse
phasing for a typical offset angle.

Each star produces two pulses per revolution of the nutation circle,
With the geometry of the reticle as shown, and by limiting off axis pointing
requirerhents to 0.5° both these pulses are confined within one-half of the
nutation circle. The outputs of two telescopes can thus be combined into one
photomultiplier tube (PMT) without ambiguity by having two ""Li'''s rotated
180° with respect to each other.

The output pulses from each PMT are processed in a pulse position
detector. The output of the detectors is routed to the proper position counter
by the timed gate‘s and used as the stop pulse for the appropriate position
counter, Four optical wedge position pulses are generated by the nutation
wedge pick off coils and available as the start pulses for the position counters.

Each position counter counts the same basic clock that is divided down
to generate the wedge motor drive signal. This clock has a frequency of
131, 072 Hz. Since each counter has a capability of 13 bits (8192) its output will
go from zex;o- to full scale in one fourth a revolutioﬁ of the wedge motor. After
the count is completed it is shifted into the output storage register and available

for use by the position servo.
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Star selection is accomplished by utilizing a rotating shutter in each of
the four-sensor clusters. The shutter consists of a coded disc driven by a
stepper motor with a position pick off and is used to select none,one, or any two
telescopes in a cluster., The shutter performs two additional functions in that
it keeps system noise down by blocking stray light from unused telescopes and
; rotects the photomultiplier tubes from excessive current in the event that
tright (sun, earth, spacecraft) sources scatter light into the telescope.

The output of the photomultiplier tube (PMT) is amplified in an automatic
gain control (AGC) amplifier that keeps the peak amplitude of the signal at a
constant value., In the case where both stars of interest happen to be routed to
the same PMT, the AGC circuit sets the gain based on the amplitude of the pulse
from the brighter of the two stars. The dynamic range of the electronics will
be sufficient to enable it to detect the dimmer star within the required accuracy.
The pairing of stars proposed has a maximum ratio of 5:1 in brightness between
any two stars using the same PMT which will be well within the dynamic range
of a system of the type proposed. The ratio will be further reduced since the
baseline design reduces the effective entrance aperture for brighter stars.

The baseline design proposes to use a pulse time detector that consists
of:

1. A filter that is as closely matched to the expected shape of the PMT .

output pulse as is practical.

2. A pulse detector that determines the presence or absence of the
pulse using a fixed threshold level that is set to provide the desired

ratio of false alarms and missed pulses.

3. A centroid detector that detects the center of the pulse by
differentiating the output of the matched filter and detecting

the zero crossing.

4. Logic that requires outputs from 2 & 3 above to produce an output.
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Figure 4-26. Baseline Detector Block Diagram
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This detection which is shown in Figure 4-26 has been used successfully on

previous programs and is not difficult to implement. Previous analysis as
well as measured system performance has shown that its operation is close
to optimum,

The output of the detector is a pulse that is delayed some fixed amount
from the time the star image crosses the center of the reticle slit. By counting
between the pulse generated by the pick-off on the nutation wedge and the
detector output pulse a digital output is generated which relates to star angular
position. Sincc the oscillator that generates the count is dlso divided down to
generat e the drive to the nutation wedge motor oscillator, frequency errors are
eliminated.

The output is proportional to the sine of the nutation angle which introduces
a known non-linearity. This produces an increase in sensitivity of about 40%at
the edge of the field of view compared to that at the center, since the nutation
angle is limited to +45° to keep pulses from various telescopes separated.

Wedge Motor Drive

A critical elerﬁent from the point of accuracy is the precision with which
the nutation wedge can be driven, Critical to this are the motor characteristics
and the motor drive electronics. The baseline design utilizes a hysteresis
synchronous motor and requires a two-phase motor drive.

The wedge motor drive can be generated from a countdown from the digital
clock. The stability and accuracy required to maintain the required angular
position accuracy of the nutation wedge (0. 018 degree) for a six pole motor are:

Phase error < 0.33°
Relative Amplitude Variation =< 1.0 %

Waveforms of this accuracy can be generated by filtering a precision square

wave, but at these low frequencies (12 Hz for a si_x—poie motor) passive filter

mechanization becomes a problem.,



The most efficient method (from a power consumption standpoint) is to
use a passive LC filter whose output directly drives the wedge motor. A driver
of this type can be highly efficient, the limit set only by the extent of the space
and weight available, Because of the very low frequency, stable inductors and
capacitors tend to become large,

Filtering at a high impedance level and using the filter output to operate
a low-output impedance driver makes the filtering problem easier, at the expense
of efficiency., This also allows the use of an active filter eliminating the need
for inductors,

Most of the variation in phase will be due to unequal time delay between the
sine and cosine filters as square waves can be generated with very high prccision,
Component accuracies and stabilities of better than 1% arc needed to rcalizc thes.
requirements, This is not unreasonable and offers a potential practical solution,

An alternative to generating the sine and cosine drive waves by filtering
square waves is to synthesize the sine and cosine functions by summing a series
of rectangular waves (Walsh functions) to produce an acceptable drive function,

A detailed discussion of this technique 1is provided in Section 4.6.3, This method
is very attractive in that no phase-delay problems related to component stability
are present, Digital circuits needed to generate the function to be summed are
small and inexpensive, which increases the desirability of this approach.

A generator of this type would consist of digital microcircuits, and a summing
operational amplifier and driver. Amplitude variations would tend to be the same
for both sinc and cosine drives as the electronics temperatures and supply voltages
would be the same. Phase variations would be almost non-existent as the digital
circuits would be many times more precise (time-wise) than needed.

The sine wave, whether generated by filtering a squafe wave or summing

Walsh functions, can drive a Class "B!'" driver, which means that theoretical
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~ efficiencies approaching 50% can be obtained. Assuming a practical efficiency
of 35% to 40% is realizable, the drivers may have to dissipate up to eight watts
per motor. Since these drivers are off gimbal the heat load from the drivers is
not as serious as it would be if they were required to be on the gimbaled portion
of the structure.

While careful design will be requiréd, no fundamental problem exists in
generating sine-cosine functions to drive the wedge motors.

Wedge Pick Off

Since any error in the wedge pick-off time is directly translated into an
error in the system, extreme care must be used in its design. It is necessary
to detect the we‘dge position directly because of the unknown phase error bet;x/een
the motor drive and the shaft. This is because the torque output depends on the
phase angle and the torque required depends on the bearing friction. Since
friction is difficult to control and can vary over life, it is necessary to detect
the wedge position directly. A maximum of 0.5 arc sec (1 0) has been assigned
for the wedge pickoff error. The detector therefore must detect the position
of the edge of the wedge to 5 x 10-4 inches, if a 4'" diameter wedge is used.

The exact method of accomplishing this has not been chosen, but two
.approaches suggest themselves.

1. A high -quality magnetic tape head and a magnetic strip around the

edge of the wedge.

2. An optical pick off.

A number of factors must be investigated, such as long-term stability,
reliability, poWer consumption and weight, before a choice of pick off can be
made,

It appears that it is quite feasible to obtain the accuracy required to

keep the error below 0.5 arc sec within the existing state of the art,
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Power Consumption

The on-gimbal power consumption is estimated at 10 watts, 5 watts per

hemisphere. The breakdown is as follows:

Motor 4 Watts

High Voltage Supply 0.25 Watts

Electronics 0.75 Watts
5.00 Watts

Since the motor requires 80% of the power, any reduction in motor drive will
result in considerable power saving.

The off-gimbal estimate is as follows:

Motor Drives (8 Watts each) 16 Watts

Processing Electronics 5 Watts
21 Watts

Power Converter Output: 31 Watts
(includes

on-gimbal)

Power Converter Input (63% eff.) 49 Watts
Power Dissipated in Converter 18 Watts
Power Dissipated in Off-Gimbal Elect. 39 Watts

Of the total 49 watts required for the system, 38 are required because
of the wedge motor and drive requirements. Any reduction in the motor-power
requirements will scale this downward on a one-to-one basis. The numbers

used here are '"conservative' and some improvement may be possible in an actual

design.
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SIGNAL-PROCESSOR ERRORS

The Signal-Processor Errors are considered for the purposes of this discussion
to be those errors introduced by the processor due to imperfect mechanization.
Fundamental sources of error, such as photon noise,were. considered in the
tracker systems analysis and that analysis will not be repeated here. It should
be stated that the electronics after the PMT does not introduce any significant
random noise into the signal.

The signal processing will introduce errors due to imperfections in
mechanization. Some of the errors are caused by:

o non-uniform wedge speed

o wedge position pick-off jitter

o optical imperfections

o time delay variations in the processing filter

o threshold variation

o logic and detection delays

o quantization error of the digitizing process

Wedge Speed

Errors introduced by variation in wedge speed can be analyzed from a
position vs timé standjpoint,
Assuming:

o + 0.5° off-axis tracking range

o = 45° on nutation circle for £0.5° off axis

o A sinusoidal speed variation

Based on the above assumptions which correspond to the baseline design,
the angular position of the wedge must be within ¥0. 018° of its ideal position
at al] times to keep the RMS error, due to the wedge speed variations under

0.5 arc sec of arc.
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An analysis of the wedge motor (see Section l45,1) indicates that this is
feasible, provided certain requirements are met in the motor-drive waveforms.
Assuming a 6-pole two-phase motor for the baseline design, these turn out to be:

1. Phase differences of <0, 33 degree

2. Current amplitude drives balanced to <1 % between phases,

The effect of the drive imperfections decreases as the square of the number
of poles, so if an increase in the number of poles is feasible, then drive
restrictions can be relaxed or the error reduced. The number of poles used is
limited by practical considerations such as fabrication problems, tolerances,
etc., and is not a theoretical limit. A preliminary analysis has been made by
a designer experienced in design of special-purpose motors and the estimate
is that within the size available, 8 poles is the practical limit (see Section 4,6,1)
without increasing the diameter. Generation of the proper waveforms does not
appear to be a serious problem, so an increase in the number of motor poles
will be required only if an unforeseen problem develops.

Pulse Shape

A star image on the focal plane has a finite blur size which in the baseline
design is less than or equal to 0.45 millirad. The reticle slit width is also
approximately 0.45 millirad. Therefore, with a nutation radius of 0.7° and a
wedge frequency of 4 RPS, the nominal pulse is approximately gaussian in shape
with a width of 1.4 millisec. As a star angle varies and the reticle crossing angle
changes, the effective slit width increases with a corresponding pulse width increase.
The effective slit width will increase by a factor of sec 6 where 6 is the angle
between the nutation center and a perpendicular to the reticle slit, a maximum

of 45° in the baseline design. The maximum pulse width is thus 1. 9 millisec.
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The optimum filter processing bandwidth is a function of pulse width as well
as pulse shape, however, measured performance on similar systems shows that
performance degradation is minimal for bandwidth variation of up to * 20% from
nominal, The filter bandwidth will be chosen to be a compromise between the
maximum and minimum pulse width,

Fron an error point of view, 4the more significant consideration is
related to the pulse symmetry as star angles \}ary and the center of the nutation
circle moves about on the focal plane. If perfect radial symmetry is assumed
in the .0ptics and the center of the nutation circle and the reticle exactly coincides
with the (known) optical axis, no error is generated by optical aberrations.
Any telescope design theoretically meets the axial symmetry requirements, how-
ever, imperfections in manufacture cause the image of a point source to be
non-symmetrical, producing an output pulse that lacks symmetry about its
centroid. If we were to use a true centroid detector the error produced would
be equal to the difference between the center of the pulse for an ideal system
and the centroid of the actual pulse. |

To assess the effect of sagittal asymmetry change on system accuracy,
an analysis was made to determine the error as a function of asymmetry under
certain assumptions. A perfectly symmetrical pulse, f(t), was postulated plus
a small impulse K & (t - Tg) located at some arbitrary time T,. The output

of the processor, eo(t) is therefore

+
f F(Mh(t-T4dn

e (t) =
where eo(t) = output of filter
F(D = (1 +K6( ™= Tg)
h(t) = impulse response of filter
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The filter is followed by a detector that detects when the derivative of the filter
output pulse is zero.

Section 4.6.2 provides the solution of the above expression for 4t where Ot
is the variation in output time from the symmetrical case as a function of the
assumed non-symmetry,

[
Kh'  (Tp + Tg)

At =
f F(T) h" (T, +7)
(-]
where
K = Impulse Amplitude
TD = Detector output time for K = 0
At = Variation in output time from Ty for K # 0
T, = Time of occurrence of impulse
' d
h' () = 337 Ln(e)]
this reduces to
(derivative of output at the time of detection due tg\
an impulse at time T
A(‘_ = P J /

(slope of derivative of the output at zero )
Reflected to the input and assuming a Gaussian filter impulse response with

pulse width @

K T, exp K
A = 6 2 G2
second derivative of output at T

: 2
/-(TD-T6)>

D
This can be interpreted to mean that the error will be proportional to the
first moment change due to the asymmetry weighed by the impulse response of the
filter since we use a Gaussian approximation in our baseline design., Actual
estimation of this error source has been simplified by realizing that the error is
bounded by the change in the centroid of the pulse, a worst case, Thus the manufactur-

ing tolerance and alignment of the optical system will be specified to keep the centroid
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of the blur within the allocated error estimate.

Quantization Errors

Star angular position is determined by measuring the time from wedge
position reference pulses to pulses generated by star image crossings across
appropriate slits. By referring to Figure 4-24 , it can be seen that if the
star angle, for example, varies *0.5° in the x direction, the star slit (2)
crossing will vary *45° of a wedge revolution. The mechanization uses a
counter starting at -U45° with countdown to zero at 0° and theﬁ count up to

+45° with the count terminated by the slit crossing pulse.

The pointing angle is given by
o, = 0.707 sin (wt - w/k) degree
where

e = point angle in the x-direction

Bn rad/sec wedge rate

W

Because of the sine relationship, a single count value varies as a

function of pointing angle. Taking the derivation of Ox,

ae_ i
= =0.707 w cos (wt - " )

tor w =0, "/2

(o, = 0.5°%, + 0.5%)

de m
X = 0,707 w cos -

dt b

0.707 w cos + E— = 0.5w
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for w, = n/k
de
(e, =0) = = 0-707w

From this, it can be seen that a count at 2zero off axis
angle corresponds to & larger angle (/2 1arger) than a count at

the edge of the Field of view.

If a 13-bit counter is used, 8192 counts represent n/2 radian and each
count represents %{%é or 1.92 x lO-h rad. of nutation circle rotation.
At the center of the field of view one count corresponds to (1.92 x 1o’h) 0.707
= 1,36 X 1o'u degree (=~ 0,5 arc sec.) pointing angle. The peak error is 1/2
count and the RMS is 7%— of the peak. Therefore, the quantization error at
the center of the field of view is (0,5 arc sec) (3) Q7%r) = 0,14 sec (RMS).

At the edge of the field of view the sensitivity is 0,707 times
what it is at the center so the RMS quantization error varies between 0,14 arc
sec. and Q0,10 arc sec.

Detector Delay

The baseline'design calls for the output pulse from the PMT to be filtered
by a matched filter and the filtered output is peak detected. The filter
introduces a delay between the center of the PMTlpulse and the peak detection
of the filter output of approximately one pulse width. An error is Introduced
if a variation in the delay of the filter occurs due to filter characteristic sh

The output of the PMT is the convolu tion of the optical blur and the slit.
The optical blur in the sagittal plane is 0.45 milliradian and the slit
subtends 0.43 milliradians. This yilelds a pulse with the half-power points
representing about 0.45 /2 or about 0.63 mrad.

For an approximate determination of the required component stabilities,

assume that an active RC filter is used. If all time constants in a filter

4-78



of this type are multiplied by a constant, the filter response 1s changed
by the same constant. Therefore, the stability of this filter can be
examined by examining the stability of the individual RC time constants.

If R' = R+ AR

c! C + aC

R'C' = RC + R AC + C AR + AR AC.

it

If AR << R, AC << C

R'C' _,, &, IR
m--1+%* %

Where AR and AC are the variations in R & C respectively due to temperaiure
or time. |
If a 4 pole filter is used and if the R's and C's are not identical

so the variations can be considered independent.

A Ty y , O 2 R 2 %
— 2 —t ) + _n.
T ( el ( c, (g=) )

where TD = filter‘time delay.

If the error due to the source is to be limited to 1 Sec (4.85 x lO-6 radians)

‘ 1
6 } LA AR 2.2
F-rmet s (g () « (52) )

n

4,85 x 10~
.63x10°

This allows a component value shift of + 0.27% for each component if all
components change the same amount and the value changes are completely random

in nature.
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If, on the other hand, all capacltors change together and all fesistors
change together, the shift allowed per component 1s now + O.lh%.

Considering the relatively limited temperature range during operation
these stabilities are not unreasonable for precision components. Using 100
PPM/C° capacitors and 50 PPM/C® resistors this stability can be maintained
over + lO° C. These are quite reeasonable temperature stability requirements.

Change in component value due to aging effects must also be held to
within these tolerance limits since absolute accuracy is required over life.
This may be a source of more difficulty than temperature variation.

Filter delay variation is considered to be the dominant error contribution
in the detection process. Other potential error sources such as threshold
variation or non-linearities can be held considerably below the error contri-

buted by filter delay variation.
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4.6 Supporting Analysis

h.6.1 STARS Wedge Motor Considerations

The STARS wedge motor rotates at 4 rev/sec and as presently configured,
the inertia of the moving group is 0.45 lb-in2 of which 80% is in the glass

wedge. (See Table 4-10)

TABLE 4-10. INERTIA OF STARS MOVING GROUP

Source Moment of Inertia (1b-in-)
Optical Wedge 0.37
Hub 0.0094
Shaft 0.00013
Motor 0.0
TOTAL 0.45453

Torque Perturbation due to Stator and Rotor Out-of-Round

To produce a torque perturbation mechanically, both rotor and stator
must Pe out-of-round (not eccentric; eccentricity in any combination between
stator, rotor and shaft produces much less torque perturbation than out-of-
roundness ) . '

The perturbation would be roughly sinusoidal at 2 cycles per revolution.
At first and third quarter points, the rotor would be ahead of position by
some angle, 4@, and at second and fourth quarters it would lag by the same
angle. Thus, in 900, the position would change 2 4@ in a time interval of

l/16 sec. Assuming for the sake of simplicity, a constant acceleration over the

interval
2 I
2 O = at_ or o = L0
: 2 t2

It is required that 86 < 0.018" or 10"1‘L nrad

then
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-4
@ o Sﬂliig—-%ﬂ = 0.1024 7% /sec?
(1/16)

Torque = od = (Ozég?g;)(](.g).l&S) = 3.7hx10-,+ in-1b.

This is the largest permissible peak-to-center value of torque
perturbation at twice per revolution with the given inertia.

From this point on, only a hysteresis-synchronous motor will be
considered. PM "stepper" motors do not start reliably without complex
commutation; DC and induction motors have speed control and slot-lock
problems.

The general equation for torque is given by

T = 1412 x 2070 (nx)® %g
where
NI = Ampere turn
P = Permeance
© = Angle between rotor and stator from reference

To determine the maximum dP/dO and thereby the maximum torque
perturbation for stator and rotor out-of-round, the following quick
calculation was made using simplifying assumptions:

Assume a stator and rotor out-~of-round which is eliptical as shown
in the Figure 4-27 " (out of proportion) where

G is the gap

A is the nominal Rotor Radius

B 15 the nominal Stator Radius
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Figure 4-27. Stator/Rotor Ellipticity

The pitch radius of the gap (R) is

_ &B
=52,

R
the average gap (G) is

G = B-A .
If the out-of-round varies sinusoidally in the position shown, the gap
varies according to the relationship

G(6) = G+ A cos 2 @ where

¢ is defined as an angle on the stator from reference. The permeance, in

(1n2/in) 1s given by



2n

ag_

P = RL S G+A cos 2§

0
where L is the axial length.

Integrating,
RL
Po - o 2 2 °
G - A

The permeance with the rotor swung 90o from the position in Figure 4-27

is
- 2n RL
P9O° = R .

The change in permeance over 90o is therefore
2nRL 2n RL
AP = - e
/EQ-AQ G

In practice G >> A and the numerator of the first term can be rewritten to give

AP a’2n RL . 2 RL
A2 G
6(1-3 =)
G
2
8 2
AP = mRL -62- o RL A
2 3
¢(1-4 &) ©
G

: : o
This change in permeance occurs over 90 or m/2 radians

&P _ 2RL A

%) c3
Using this expression and the general equation for torque, a tabulation

of motor parameters can be formulated to indicate performance for some

realizable motors. Assume the following:
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6-pole synchronous hysteresis motor.

Drive frequency equal to 12 hz.

Rotor material is "Simonds 81" cobalt steel drawn to 700o F after quenching.

Drive at 250 ampere/inch.

kiloline/in2 and the energy is 0.27 joules/in3-cycle.

At this drive, the flux density is 68

Ring volume is 0.30 in3 for all four designs; this produces a maximum

useful torque of 0.34 in-lb. and a flux per pole of 8.7 kilolines.

The stator and rotor are both assumed to be 0.001" out of round.

TABLE 4-11., ALTERNATE MOTOR CHARACTERISTICS
Characteristic. Hotor
A B C D

{1} Gap radius 0.75 1.5 1.5 1.5
(@ Axial length 1.00 0.500 1.000 1.000
(3} Ring thickness 0.06k 0.064 0.032 0.032
(. Redial gap 0.010 0.010 0.010 0.020
5} Gap-flux density  1otine/;.2 11.1 11.1 5.55 5.55
() Ampere-turns to gap b7 3h.T 17.3 3h.7
(D. a/ae for .001" out of round 0.1875 0.1875  0.3750  0.0469
@  (Ampturns)® x %—g 226 206 113 56.5
@ 14.12x10°% x (8) = Torque Ripple | 3.19x107 3.19x107 1.6x107> 0.8x10™%
@0 Ampere turns to ring 98 196 196 196
@E} Total empere turns per pole 133 231 213 231
@E& Ampturns per inch circumference | 169 147 136 147
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From Table 4-11,it can be seen that for quite reasonable motor
designs, Line(Q) torque ripple, is less than the maximum limit by at
least a factor of ten.

Torque perturbations from improper drive phasing

A hysteresis motor looks like a spring-mass system in rotating
éoordinates. The spring constant is approximately such that the motor
puts out maximum torque when the rotor lags the rotating field by 20°
electrical (=6.67° mechanical for & 6-pole motor).

For the designs postulated, max torque = 0.34 in-1b., "spring constant"

in-lp./radian. Natural resonant freqiency against 0.45 lb-in” of

= 2,92
inertia = 8 Hz.

If, in a 2-phase motor, one phase leads the other by some angle 8, then
twice per cycle of drive the rotor will be pushed forward, and twice per cycle i
will be deaccelerated. This amounts to an AC torque component at 24 Hz
for a 6-pole motor with a peak-to-center amplitude of % X 2.92 or
Torque = 1.46 B sin wt

where W = 151 rad/sec (24 Hz)

_ Torgue _ (32.2)(12)1.468
Acceleration Tnertia 0.55 sin wt

12508 sin wt

Position is the double integral of the acceleration

Position = SS 1250 sin wt = igggﬁ sin wt
W

-0.0558 sin wt
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For the position error to never exceed 0.018°, B must never exceed

.018 o
-_O_S?N 0.337.

This is & tight spec, but could be eased if necessary by lowering
the "spring constant" (at the price of maximum torqug) increasing the
motor inertia, or having more poles on the motor and thus, increasing
the drive frequency. The baseline design does not have room for more than
8 poles. However, if necessary the diameter could be increased.
Twelve poles instead of six would ease the phasing requirements by

a factor of four.

Torgue perturbations from unequal amplitude of phases

If one phase has greater amplitude than the other by a factor_K >1,
there will be two sorts of torque perturbation. First, twice per cycle the "spring
constant” mentioned earlier will be increased by approximately K2. The rotor
would then see an AC component, at 24 Hz, of magnitude % (K2 - 1) x (Average
Load torque).. If the load could be zero ( reasonably good bearings) the phase angle
of lag of the rotor is zero, and this perturbation becomes zero also.
The second perturbation is considered to be the more critical. At the
quarter points of a drive cycle, the resultant field vector should be at +h5°
to the axes, whereas it actually makes an angle Arctan K. The angular error

is Arcten i—:— R
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Since this occurs at twice drive frequency, it may be treated in the
same manner as a phasing error

Thus,

K-1 o)
Arctan X1 s 0.33

K-1
K+1

K-1 s .00576 K+ .00576

s .00576

.99424K < 1.,00576
K s 1.0115
The relative amplitudes of the 2 phases must therefore be within l%.
This requirement could also be loosened using the same methods that
applied to phase angle error.

Wedge Motor Options

It is also possible to consider use of a sub-synchronous or "gear-tooth"
motor (for example, the "slo-syn" manufactured by Superior Electric). This
motor has 50 teeth on the rotor, hence, makes 1 revolution.for 50 cycles of
drive. It has 2 phases, and is available with 4 half-phases, that is bifilar
windings. As built by Superior Electric, it is not space~qualified, but
Hughes Aircraft Company has rebuilt and rewound such motors using space-
qualified materials throughout, and full engineering details are available,

The calculations for out-of-round apply to this type of motor without
change. Since this motor would be driven at 200 Hz instead of 24, allowable
phase shifts and amplitude variations would be greater by the factor (g%%)2
or 69.

This type of motor, torquing against a locked shaft, produces a sinusoidal
torque with a DC average of zero. In order to start, it must bring the load to
full speed within the time of one cycle. This means that for any one drive
frequency and voltage, there exists a maximum value of inertia that the motor
can start at all. What value this is could be readily determined by
experiment,

4-88



448e2 .__Determination of Change in Detection Time Caused by an

Assumed Impulse Perturbating the Nominal Symmetrical Filter Input.

The output of the signal processor eo(t) is

e (t) = S £(v) n (t-1) ar
° -0
where
£(t) is the filter input
h(t) is the impulse response of the filter

Differentiating,

[--]
de S .
-2 = 4 - dr
w = o T g [n(t-m) |
If both the input function, f(t) and the impulse response of the filter

are assumed symmetrical

h(t) = n(-t) h'(t) = -h' (-t)
£(t) = £(-t)

deo
Define TD to be the time when £ =0



then B £(v) g—t [_h('rD - T)J at =0

Now, if the symmetrical f£(t) is perturbed by a Dirac delta function

K 6 (t—Ta)

So: £(t) = F(t) + K 6 (T, - t)

where F(t) = F(—t)

@©

2% S LF(T) + K § (T-T)J n'(T + a6+ 1) =0

dt

- 00

where At = change in detection time due to K

-}

S F(t) h' (TD+ At +T) dT+ Kn! (TD+ Ty + At) =0

<
if At < TD

h' (T +7 + ot) = h'(Ty + 7) + oath' (T, + 1) + ...

g F(r)n' (T, + 7)ar + ot S F(t) n'*(Ty + 7) ar

+Kh'(TD + TS) =0

since F(t) is an even function

and h'(T, + T) is an odd function

D
®

S F(r) h'('I‘D +T)dT =0

-0

Kh'(TD+T6)

and At = =
B F(t)n'' (T, + 7)dr

-0
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4e6,3 Generation of Sine and Cosine Waves by Summing

Rectangular Waves.

It is necessary to generate sine and cosine waves with a very precisely
controlled phase relationship. One method of accomplishing this is to sum
é series of rectangular waves generated by logic circuits where timing is
provided by a precision clock.

A set of complete orthogonal rectangular function exists called Walsh
functions.l Any well-behaved function can be generated to any desired
degree of accuracy by summing the appropriate Walsh functions Jjust as it
can by summing sines and cosines. Figure 4-28 shows a sine wave which is the
sum of eight Walsh functions, 'and Figure 4-29 shows the eight functions used and
thelr relative values to form the sine wave. The approximation can be made
better and better as more functions are used.

The advantage, as far as STARS is concerned, is that relative phase can
be controlled to & very high degree of accuracy and amplitude ratios will
tend to remain constant as both sine and cosine drives will be identical
circuits driven from the same power supply. The primary uncontrolled source
of amplitude variation will be the weighting and feedback resistors in the
summing amplifier, which can be made very stable.

This approach offers a practical method of generating precision, low-

frequency sine waves without requiring large stable reactive elements.

1 HARMUTH, H.F., "Applications of Walsh Functions in Communications",
IEEE Spectrum, Vol. 6, No. 11, Nov. '69,
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Figure 4-28. Sine Wave Approximation From Eight Walsh

Functions
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Figure 4-29. Walsh Functions Used to Generate Sine Wave
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Se ERROR ANALYSIS

561 Summary
5elel Objectives

The objectives of this task were to provide the basic framework for
an error analysis, determine reasonable baseline values for the primary
sources of error, calculate probable pointing errors for orbital operation

and to study laboratory and in-orbit calibration techniques.

5.1.2 Methods

The error model chosen was to sum the errors from individual sources
on each of six coordinate sets in the STARS system and transform them to
vehicle roll, pitch and yaw axes. This was done independently for each
of the four subsystems which comprise STARS: star sensors, gimbals, gimbal
angle encoders and the STARS control system, Three classifications of error

were used:
1. Bias. Systematic errors considered to be largely compensatable,

2. Thermal Distortion. Systematic errors due to temperature

gradients caused by solar radiation.

3. Random. Non-systematic errors or uncertainties considered

to be uncompensatable,

A check list of possible error sources was distributed to team
members along with a preliminary error allocation of 8.72 microradians
one-sigma to each of the four subsystems for a total root-sum-squared
error of 17.45 microradians (0,001 degree) about the roll axis and
about the pitch axis., The determinations of the actual errors were done
by the design specialists for each subsystem and are described in the
previous sections. The method of compilation of these errors and the results

obtatned are described in this section,
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The influences of many input parameters were considered including:
e Offset tracking due to orbital inclination error.

© Signal-to-noise characteristics of the star trackers when

tracking specific stars.

® Specific stars in use at a given point in orbit including

right ascension and declination.
® Gimbal angles for given points in orbit,
® Solar radiation and eclipses.

e Acceleration errors during laboratory testing.

o . . .
Errors were calculated at 45 increments about high noon orbits
at the vernal equinox, summer solstice and November 6, These orbits
cover a large portion of the sky so that the selection of STARS in use

is complete and the range of sun angles is large.

The errors presented are one-sigma and include all significant sources
of error so far identified within the STARS system., Errors which are not
included are errorsin spacecraft gattitude control, errors in star ephemeris
data and errors in spacecraft ephemeris data. Proposed tolerances for
critical components were often used in the error analysis. Tolerances were
considered to be two-sigma because the difficulty of meeting the tolerances
and the likelyhood of special adjustments and selection of components would

not result in standard distributions.

Bias and random errors were normally summed by the method of root-
sum- squares which implies that the polarities of the errors being summed
are independent. The predicted thermal distortion errors have known

polarities so they are summed algebraically,



5¢1.3 Results

The one-sigma errors for the STARS system in high-noon sun-synchronous
orbit at three different times of year are listed in Tables 5,1-1, 5.1-2,
and 5,1-3. The error is less than 0.001 degree about each axis at
each of the 24 orbital conditions for which error was calculated except
for the pitch axis at 315% at the vernal equinox. The root-mean-
squared error for all axes and all orbits considered is less than 0.001 degree.
The feasibility of developing a STARS system with typical errors less
than 0,001 degree is thus demonstrated,

Each of the errors at a specific angle is the average of the errors
resulting from the use of the two stars listed. This is a conservative
approach. The bias and random contributions to errors are of approximately
equal magnitude. This suggests that extensive calibration, such as might
be accomplished in orbit using a method outlined in the calibration

subsection, might further .mprove the accuracy potential of the STARS.

Thermal distortion due to sun load on the structure was not a major
error contributor. Careful thermal insulation and thick sections in the
beryllium structure limited error from this source to a maximum of 2.3k
microradians., The major individual sources of error were in the star
tracker signal processing and the dimensional stability of the gimbal
structure. Peak instantaneous errors of up to 35 microradians in the polar
axis servo due to stick-slip were disregarded because they would be filtered

by the spacecraft inertia and attitude control system.

It is suggested that studies of microinch dimensional stability
of beryllium structures similar to those proposed for STARS be added to
the projected studies of the star sensors and the polar axis servo. A
great deal of experimental effort has been devoted to beryllium and a

literature search may locate pertinent data.



TABLE 5.1-1, STARS ERRORS AT VERNAL EQUINOX

PHI Stars in Use Errors in Microradians
Orbiting (Star Number) About
Central Angle Brightest N?Xt Roll Pitch Yaw
Degrees Brightest
45 Arcturus Cih 12,22 15.33 13.79
10 32
Sunrise 32 69
135 Altair Cih 14,93 16,37 11,72
13 32
180 Achernar Altair 14,20 13.7% 14.32
5 13
225 Achernar Altair 13,74 12.85 14,78
5 13
270 Achernar Peacock 13.08 16.71 13,47
Sunset 5 38 '
315 Arcturus Peacock 13,59 18.06 12,30
10 38
360 Arcturus Delta Vela 15,20 16.59 11.11
10 L1
Microradians 13.83 15.88 13,21
RMS for Orbit Seconds of Arc 2,85 3.27 2,72
Degrees X 1000 .79 .91 .76
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TABLE 5,1-2. STARS ERRORS AT SUMMER SOLSTICE

PHI Stars in Use Errors in Microradians
Orbiting (Star Number ) A?OUt
Central Angle . Next Roll ; Pitch Yaw
Degrees Brightest Brightest I
45 Arcturus Altair 15.33 ! 12,79 13.77
10 13 '
t Cih
0 Arcturus t 14.87 14,03 15.34
Sunrise 10 32
135 Rigel Cih 15,42 16,86 13,33
b 32
0 Rigel Ach i
18 t8e chermar | gs5,1y 17.10 11.39
L 5
22 Rigel Achernar
2 & 13.05 15.37 13,76
b 5
270 Achernar Peacock
Sunset 5 38 14,18 14,83 14,84
1 Achernar Altair
315 14,52 16,34 12.95
> 13
360 Arcturus Altair
10 13 16.40 13.55 12,66
Microradians 14,89 15,23 13.55
RMS for Orbit Seconds of Arc 3,07 3,14 2,79
Degrees X 1000 .85 .87 .78
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TABLE 5.1-3, STARS ERRORS ON NOVEMBER 6

&

PHI Stars in Use Errors in Microradians
Orbiting ( Star Number ) About
Central Angle Next
Degrees Brightest Brightest Roll Pitch Yaw
k5 Rigel Cih 15.10 12,51 1484
L 32
90 Arcturus Altair
Sunrise 10 13 12,65 15.40 15.56
135 Arcturus Altair 13,55 16.68 D 1k,61
10 13
180 Arcturus Phecda 15,19 15,10 14,98
10 69
225 Arcturus Peacock 14.96 14,11 13,91
10 38
270 Rigel Achernar | 11.89 14.96 16,12
Sunset 4 5
315 Rigel Achernar
Ll- 5 15014'1 15067 12077
360 Rigel Achernar
16.11 14,78 11.88
4 5
Microradians 14,42 14,95 14,40
RMS for Orbit Seconds of Arc 2.97 3.08 2.97
Degrees x 1000 .83 .86 .82
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5.2 Error Model and Definitions

5.2.1 Error Model Equations

Errors originating in the STARS subsystems are the only errors con-

sidered in this error analysis. The four major subsystems considered are:

Symbols for Errors About:

STARS Subsystem Roll Axis Pitch Axis Yaw Axis
Star Sensor Cluster Assemblies ERS EPS EYS
STARS Gimbals ERG EPG EYG
Gimbal Angle Encoders ERE EPE EYE
STARS Control System ERC EPC EYC

If the actual errors from each source were known, such as by measurement,
they would be summed algebraically. The errors to be used are estimates of one-
sigma deviations and are considered independent of each other with respect to
polarity, thus they will be root-sum-squared.

1
ER = (ERs2 + ERG2 + EREZ + ERC2) /2
/2

1
EP = (EP32 + EPGZ + EPEZ + EPC2)
/2

EY = (EY82 + EYG + EYE® + EYCZ) !

One exception to this practice is the thermal distortion errors. As
estimated, these errors have a known polarity and are therefore kept separate and

are added algebraically.
The basic form used for the compilation of errors from each subsystem is

Type of Error

E(a,b) = E (a,b)B Bias (mean error)
+ E (a,b)R Radiation Sensitive (thermal distortion)
+ E (a,b)U Uncertainty (non-systematic on random)

Where (a,b) identifies the axis and subsystem respectively,

Bias errors are systematic errors which could be compensated if suf-
ficient computer capability could be provided. The thermal radiation sensitive
errors are also systematic and can be compensated if suitable measurements can
be provided. The uncertainty errors are not reasonably correlated with known

. ! » ]
input variables except in stochastic terms and are thus not compensatable.



Each of the above listed types of error include sensitivities to system
inputs such as gimbal angles, offset tracking angles, sun angle, temperature,
time and, during testing: the direction of gravity, atmospheric pressure, and

the optical effects of the ambient atmosphere.

Errors which are oscillatory and have short periods (e.g.,l second) are
herein considered non-systematic. Errors due to quantization are also considered
to be non-systematic. The RMS values of non-systematic errors are used in the
compilations except where they can be shown to have lower effective values (e.g.,

smoothing due to high moments of inertia of spacecraft).

The three types of errors are assumed to be independent and are root-sum-

squared. P
5.2.2 Definitions

The following definitions are used in the error analysis. Many commonly
understood terms are not herein defined. The astronomical definitions found in
Appendix 2 of Reference 1 have generally been used. Other terms are defined

later in the text as appropriate,

Actual Pointing: The attitude of the spacecraft axes at a given point in

time, geographical location and altitude of the spacecraft,

Perfect Pointing: The error-free attitude of the spacecraft axes which

corresponds to the given point in time, geographical location and altitude of the

spacecraft.

Exrror in Pointing = Actual pointing -~ perfect pointing ( or actual =

perfect + error). This definition establishes the polarity of an error.

Spacecraft Axes: The roll, pitch and yaw axes defined by the mounting

base of the STARS.

Gimbal Axes: The directions of the inner and outer gimbal axes of the

STARS which minimize the squares of theerrors in the respective instantaneous

axes of rotation,

Right Ascension:; The angle measured eastward along the celestial equator

from the vernal equinox to the great circle passing through the celestial poles anc

a body (sun, star, spacecraft, etc.).
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Declination: The angular distance north or south of the celestial

equator to a body, measured along the great circle passing through the celestial

poles and the body. Positive is north, negative is south.

Celestial Sphere: The apparent sphere of the sky; a sphere of large

radius centered on the observer.

Celestial Equator: The circle of intersection of the celestial sphere

with the plane of the earth's equator.

Celestial Poles:; Intersections of the earth's polar (rotational) axis

with the celestial sphere,

Vernal Equinox: The point on the celestial sphere where the sun crosses

the celestial equator passing from south to north.

Mean Sun: An imaginary sun that moves eastward with uniform angular
velocity along the celestial equator, completing one circuit of the sky with

respect to the vernal equinox in the same time as the true sun.
Ecliptic: The apparent annual path of the sun on the celestial sphere,

Right-Hand Rule: If the thumb of the right hand represents the positive

direction of an axis or vector, then the natural curl of the fingers represents
the direction of positive angular rate or displacement about the axis or vector.
In a right-handed coordinate set of three axes, positive rotation per the right-
hand rule about the first named axis produces displacement from the second named
axis .to the third named axis through the shortest arc. Example: orthogonal
coordinate set with axes X, Y, Z, Rotation about X of a line in the Y, Z plane
from Y to Z is +90 degrees or =270 degrees. A right-handed screw driven in the

direction of X carries Y into Z.
Orthogonal: Mutually perpendicular,

Precession: The motion of the angular momentum vector of a rotating body
in response to a disturbing torque. The angular momentum vector rotates in a
direction so as to become parallel with the disturbing torque vector, per the
expression T = @ XH where T is the torque vector, w is the precession vector,

H is the angular momentum vector and X indicates a vector cross product.
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TABLE 5,2-1,

STAR TRACKER DESIGNATIONS

Tracker Right ** X

No. Star Name Irrad, * Star No. Ascension Declination
1 ClH 2.2 32 13.69 60, 54

2 PHECDA 1.1 69 . 178.04 53.87

3 ARCTURUS 5.3 10 213.55 19,35

4 ALTAIR 4,3 13 297.31 8.78

5 ACHERNAR 8.0 5 24.13 =57,40

6 RIGEL 9.0 4 78.25 - 8,24

7 DELTA VELA 1.8 41 130,96 -54,59

8 PEACOCK 2.0 38 305,78 -56, 84

* 10"13 w/cm2

*% degrees in equatorial coordinates
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Average or Mean:

>
m
<
-
=2

n=1

N 1/2
Root-~Sum=Squared’ (RSS): X RSS = E X )2

n=1

N 1/2
Root-Mean-8quared (RMS): X RMS = (Xn)z/N

n =1
Standard Deviation or One Sigma:

- N ' 1/2
X SICG = x-D%/m- 1)
n=1

Systematic Error: An error or a part of an error that occurs as a

reasonably definable function of an input variable such that the knowledge of
the input variable permits calculation of the expected error magnitude and
direction. The systematic part of an error can be compensated so as to reduce

its effect to zero.

Non-Systematic Error: An error or part of an error that is not reasonably

correlated with the known input.variables except in stochastic terms., Non-systematic

error is also referred to as random error and uncertainty.

Residual Error: The ecror remaining after compensation for a systematic

error. If the compensation is perfect the residual error is non-systematic,

Star Tracker: One of the eight telescopes in the two star sensor clusters,

including the data processing for that tracker which is done on-gimbal. A star
tracker provides outputs which '"track" (indicate the position of the line of sight

of) its assigned star (see Table 5.21) within the field of view.



Offset Tracking Angle: The angle between a star tracker optical axis

and the line of sight to the star. The offset tracking angle is measured about
two axes:angle DD, a difference in declination; and angle DA, measured in a

plane perpendicular to the plane of DD and through the star line of sight,

5.2.3  Symbols

Axes

E the vernal equinox (the direction of the sun from the
earth at the vernal equinox)

N the spin axis of the earth, positive is towards the North
Pole and the siar Polaris

IA inner gimbal axis, STARS, nominally parallel to the polar
axis N and in the opposite direction from N

OA outer gimbal axis, STARS, nominally parallel to the pitch
axis PA and in the direction of PA

RA roll axis, spacecraft, roll to the right is positive

PA pitch axis, spacecraft, pitch up is positive

YA yaw axis, spacecraft, yaw right is positive

X4 an axis through the spacecraft in the plane of the space-
craft orbit, perpendicular to the perfect vertical axis
Z4, and in the direction of the spacecraft motion
(coordinate set 4)

Y& an axis through the spacecraft, perpendicular to axis X&,
perpendicular to axis Z4, and forming a right-hand set with
axes X4 and Z4 (coordinate set 4)

Z4 an axis through the spacecraft which defines the "perfect"

vertical and points away from the earth (coordinate set 4)
X(d) orthogonal right-hand coordinate sets or frames of

Y(d) reference used in the error analysis. X4, Y4, and Z4 are
Z(d) an example. See subsection '"Coordinates'.
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Angles

Actual Perfect Exror
I I0 EL angular displacement of the inrer gimbal
(with sensor clusters) with respect to
the outer gimbal
0 go EQ angular displacement of the outer gimbal
with respect to the base
A(e) A(e)O EA(e) right ascension of a star tracker pointing
axis with respect to the inner gimbal
D(e) D(e)0 ED(e) declination of a star tracker pointing axis
with respect to the inner gimbal
DA(e) DA(e)0 EDA(e) Offset tracking angle between a star tracker
optical axis and the line of sight to the
star, measured perpendicular to declination.
DD(e) DD(e)0 EDD(e)  pffget tracking angle in declination from a
star tracker optical axis to the line of
sight to the star.
CLN CLNO ECLN inclination of the spacecraft orbit to the
equatorial plane
R RO ER spacecraft roll with respect to orbiting
coordinates X4, Y4, Z&4
P PO EP spacecraft pitch with respect to orbiting
coordinates X4, Y4, Z4
Y Y0 EY spacecraft yaw with respect to orbiting
coordinates X4, Y4, Z4
LAT latitude of the spacecraft
LON longitude of the spacecraft
OBL obliquity of the earth's orbit with
respect to the ecliptic plane
PHT orbiting central angle between the spacecraft

and the ascending node



Angles

Actual Perfect Error

E(a) error in angle (a) or about axis (a)

E(a,b) error in angle (a) or about axis (a)

originating in subsystem (b)

E(a,b,c) error in angle (a) or about axis (a)
originating in subsystem (b) and of

error type (c)

Subscripts
(a) R, P, Y, X(d), Y(d), Z(d), I, ¢, A(e), D(e) see '"Axes" and "Angles"

(b) Subscript Subsystem
T Total for STARS System
C STARS control
E gimbal angle encoders
G gimbals and base
S star trackers
(c¢) Subscript Type of Error
B bias (mean error)
R thermal-radiation~sensitive
U non-systematic (random, uncertain)
(d) Subscript Coordinate Set
0 sun centered
1 earth-moon barycenter
2 earth-centered
3 precessing frame
4 spacecraft ''perfect'" frame
5 spacecraft axes (STARS base)
6 outer gimbal
7 outer gimbal (inclined)
8 inner gimbal
9 star tracker



(e) Subscript Description
1 thru 8 star tracker numbers, see Table5,2-1,

Angular Rates

w, spacecraft in orbit, d PHI/dt

w, earth's rate of rotation about its poles
Wy Moon's rate of rotation about the earth
ub Precession rate of the spacecraft orbit

W Earth's rate of rotation about the sun

y
Angular Units

0
deg, degrees
rad radians
W rad microradians
arc sec," arc seconds
Temperature T(g) where subscript (g) is a point at which

the temperature is being considered. See

"Thermal Distortion'',

5.2.4 Coordinates

5.2.4.1 Orbital Coordinates

The feasibility of the STARS concept is to be determined in a con-
figuration suited to sun-synchronous orbits. High noon and twilight orbits as
shown in Figure 5.,2-1 are the most likely applications. The obliquity of
the earth's axis is denoted as OBL and the inclination of the satellite orbit
is denoted as CLN., For the present study we are considering the high noon
orbits a and c¢. Orbit a moves north in the sun while orbit ¢ moves south in
the sun. The error analysis uses orbit ¢ wherein the sun shines on the froht

face of the STARS as it has been depicted in the layouts,.
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Figure 5.2-1. Sun-Synchronods Spacecraft Orbits
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Figure 5,2-2 . shows the spacecraft orbit with respect to the ecliptic
plane, Sets of coordinates have been assigned starting with a sun-centered
reference plane, The X-axis points to the vernal equinox and the Z-axis is
perpendicular to the ecliptic plane. This is assumed to be an inertial reference
frame and deviations, such as precession of the equinox, may be handled as per-

turbations.

All the coordinate sets used herein are orthogonal X, Y, Z sets where
rotation of the X~axis towards the Y-axis defines the Z-axis per the right-hand
rule., Each set is assigned a subscript which is written on the same line as the
axis to facilitate printing and use incomputer programs, Thus the sun-centered

coordinate set is X0, Y0, Z0, called set O,

Coordinate set 1 has its origin at the center of mass of the earth and
the moon. The orientation of this frame is assumed to be constant and the
same as set O, The parallax of any star to be used by the STARS system will
either be too small to cause a significant error or the parallax can be included
in the ephemeris data along with such effects as the aberration in apparent star

position due to earth's velocity versus the speed of the light from the star.

Coordinate set 2 is an earth-centered frame of reference which is rotated
about the vernal equinox from set 1 by the amount of the obliquity of the earth's
axis to the ecliptic plane, PBL, so that the Z2 axis is coincident with the
earth's spin axis. The earth's spin axis and the vernal equinox are common to
many of the frames of reference and are denoted as N (for north) and E (for

equinox) respectively.

At the top in Figure 5.2-2 are shown the earth-centered coordinates, set 2,
the precessing frame, set 3, and the orbiting coordinates, set 4. The origin of
the precessing frame coincides with the center of the earth and the Z3 axis is
tilted from Z2 (the earth's axis) by the inclination, CLN, of the spacecraft orbit,
Because we are interested in sun-synchronous orbits the spacecraft rotation will
be retrograde and the inclination angle will be m/2 - CLN < T, TFor a 500-
mile altitude sun-synchronous orbit CLN is about 98 degrees. Axis Z3 will

precess about N, as shown by the dashed line, at a rate wp of 1 revolution per

year.

U
1

—
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Coordinate set 4 is the '"perfect" frame of reference for the space-
craft in its actual orbit such that Z4 is the '"perfect'" vertical, X4 and Y4
are in the’'local horizontal plane, and X4 is in the orbit plane and points in
the direction of motion in the orbit. The projection of X4 on the surface
of the earth approximates the ground track but must be corrected for the
relative rotational velocity of the earth, w, > the precession of the spacecraft

orbit, uﬁ, and the spacecraft rotation, w, .

For the purposes of the error analysis the ''perfect' vertical direction
will be assumed to pass through the earth's center. The perfect vertical could
also point along the local perpendicular to: the best-fitting mathematical
ellipsoid, the dynamic geoid or the niveau ellipsoid, or it could point along
the local gravity vector which takes into account the earth's local gravitational
anomalies. The specific vertical direction is to be accounted for by the
ephemeris data and included in the commands for inner gimbal angle, outer gimbal

angle, and the offset tracking angle for each star,

5.2.4.2 Spacecraft and STARS Coordinates

Figure 5.2-3 shows the relationship of the spacecraft roll, pitch
and yaw axes, set 5, to the set 4 reference frame, For all cases to be con-
sidered, the "perfect" roll, pitch and yaw angles RO, PO, and YO will be zero,
thus the error in roll, ER = R - RO, reduces to ER = R. This means that any

resultant roll, pitch or yaw angle other than zero is an error.

Rotation about an axis is considered positive per the right-hand rule,

Thus : ,
° roll to the right is positive IaA(starboard)
® pitch up is positive +P
] yaw right is positive
Rotation will be considered in the order X,Y,Z (or.
R, P, Y) so that the pointing of the yaw axis is RA
» B Y P 8 y (forward) +Y
affected only by roll and pitch deflections as shown ‘
YA (down)

at the lower right in Figure 5,2-3,

The relationship of the various axes and angles in Figure 5.2-3 may be
better understood by referring to Figure 5,2-4, :Coordinate set 5 is for the mount-

ing base of the STARS and is considered to define the spacecraft axes. It differs

.5-19



DDA 479, 28, Z7(N)

(n1g9-Log01

D
TRACKER LOS
D

SET 9
STARLOS  STAR TRACKER
COORDINATES
x9U A |
| Y8 Y9
|
| 478.27(N)
| l SET 8
X8(E) <y INNER GIMBAL
X7 /] COORDINATES
Y7
v
1A lz7¢-1a,N)
| z6
CLN: DISPLACEMENT OF OUTER |
AND INNER GIMBAL AXES TO
ACCOUNT FOR ORBITAL | CLN sy
TNCLINATION OUTER GIMBAL

COORDINATES

SET 6
QUTER GIMBAL
COORDINATES

/ Z5(-YA)

SET 5
STARS BASE
COORDINATES

X5(RA) Y5(-PA)

Figure 5.2-4. STARS Gimbal Coordinates

5-20



from the ''perfect'" reference axes, set 4, only by the small error angles, ER,
EP and EY. Coordinate set 6 represents the outer gimbal and is rotated by the
outer gimbal ¢ from set 5., The outer gimbal axis @A is parallel ‘to the pitch
axis within the dimensional accuracy of the base and the outer gimbal bearings,
The choice of coordinate directions permits the outer gimbal angle $ to be
positively increasing during orbital operations, although the pitch rate is
negative, The '"perfect" angle ¢0 equals in wvalue the orbital central angle
PHI minus 90 degrees. ¢ is zero at sunrise as the spacecraft passes the North

Pole,

The nominal orbital inclination is accounted for by introducing
a second set of outer gimbal coordinates, X7, Y7 and Z7 with the angle CLN
between the outer and inner gimbal axes, OA and IA, on the outer gimbal cross

piece,

The outer gimbal axis may be referred to as the pitch axis and the
inner gimbal axis may be referred to as the polar axis in other sections of

this report,

The inner gimbal coordinates are set 8 and are rotated from set 7
by the inner gimbal angle I. The direction of TA was chosen such that the
inner gimbal angle I will be constantly increasing at the rate of 1 revolution

per year in orbital operation. I is zero at the vernal equinox.

The right ascension angle A for a given star tracker is measured in
set 8. There is a set 9 for each star tracker in which the declination angle D
and offset tracking angle DD are measured in the XZ plane. See Figure 5,2-l4,
star trackers are assigned numbers, Table 521, which will be used as subscripts
to denote the coordinates of the individual star tracker lines of sight. Thus
for star tracker No.. 6, the star is Rigel and A6 = 78.250, D6 = -8.24°. Star
trackers No. 1, 2, 3 and 4 are on the north polar sensor cluster assembly and
star trackers 5, 6,7 and 8 are on the south polar sensor cluster assembly. The

north and south polar sensor cluster assemblies are both on coordinate set 8.

The errors for the STARS system are collected in the several frames

of reference and transformed to the roll, pitch and yaw axes of the spacecraft.

The



5.2.4.3 Ground Track

The projection of the spacecraft axes on a horizontal plane at

the surface of the earth is shown in Figure £,2-5,

It will be noted in Figure 5,2=5 that the primary effect of a roll

error is a lateral displacement of the ground track.

pitch error is equivalent to an error in time,

The primary effect of a

A yaw error causes a rotation

about the vertical axis of any facsimile of ground features.

NORTH
/PERFECT GROUND TRACK

(n)ea-L0g08

CLN
-90°

ORBITAL PLANE
ER (TOTAL ROLL ERROR)

7/~ Y4

EP (TOTAL PITCH ERROR)

PERFECT POINTING

(INTERSECTION OF PERFECT
VERTICAL Z4 WITH EARTH®
SURFACE)

ACTUAL POINTING
(INTERSECTION OF YA WITH EARTH'S
X4 SURFACE)

F¥hka

X/ EY (TOTAL YAW ERROR)

GROUND TRACK AS SEEN FROM SPACECRAFT

EFFECT OF RELATIVE ROTATION RATES
OF EARTH AND SATELLITE

Figure 5.2-5. Ground Track
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¥ WINTER SOLSTICE
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Figure 5,2-6., Position of Sun on
Celestial Sphere With Respect to
Mean Sun



5.2.5 Orbital Conditions for Error Analysis

The orbit specified for the STARS feasibility study is a 500 statute
mile altitude, high noon, sun-synchronous orbit. An inclination of CLN = 98.3°
is required to provide a precession rate u$ equal to the mean rate of rotation
of the earth about the sun, W, at an altitude of 500 miles above the earth's
surface, See Reference 3, Figure 4, Page 166, The period for a circular 500-

mile orbit is approximately 101 minutes.

The error analysis will assume a 500 sm circular orbit with a
period of 100 minutes, an inclination of 980, and a precession rate equal to
that of the mean sun, These numbers are not perfectly consistent but result
in adequate accuracy and numerical simplicity. The STARS orientation is
assumed to be such that axes X6 and X7 on the outer gimbal are pointed at
the vernal equinox, E, at the time of the vernal equinox. Orbit ¢, which

travels southbound in the sun, is assumed,

The above assumptions make the '"perfect' coordinate set 8 on the
inner gimbal, see Figure 5,2-4, the same as coordinate set 2 in Figure 5,2-2
except that the origin of coordinates is in the spacecraft instead of at the
center of the earth, The orbital precession rate ub serves to ''unwind' the
inner gimbal rotation and the orbital rate W, unwinds the outer gimbal so that
axes X6 and X7 remain pointed in the general direction of the sun., The sun's

radiation falls on the outer gimbal from the restricted aspect shown in Figure 5.2-6,

For the purposes of the error compilation the three orbital conditions

are:

Sun Position re Axis X7 Inner Gimbal Angle

1. Vernal Equinox 0° North 0° West 0°
2. Summer Solstice 23.50 North 1.40 West 30°
3. 6 November 16.6o South 5.8o West 225°
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5.3 Sources of Error

5.3.1 Star Trackers

5.3.1.1 Optics

A basic error source in the STARS system is the effective irradiance

of light scattered from bright sources and its effect on the signal-to-noise

ratio of the optical system including the photomultiplier tube. The following

expression has been shown to approximate the one sigma jitter in the tracking

loop error signal due primarily to scattered light in the sunshade,

-8 W(H_ o T+ H) 47 £

Hoer VAggs

¥=7.9x 10

where, for the baseline design:

W = 60 arcsec slit width
Hoer = W/em star effective irradiance
Hy - 1.1 x 10“13 W/cm scattered light
ft = 0.1 Hz track loop bandwidth
Aeff = 6.4 cm2 effective aperture

This expression then becomes:

-13)/H microradians

_ 6
¥ =1.31 x 10 /Heff + 1.1 x 10 CEf

This noise appears in both error channels from a given star tracker.

Table 5.3-1

begins with a listing of the loop noise due to scattered light for the baseline

star set., These values tend to be conservative because of the high value for

effective irradiance of scattered light which is used. Hs = 1.1 x 10-13 W/cm2

implies that the sun is at 30° to the line-of-sight of the sun shield.

weakest star, Phecda (Heff =1.1x 10-13

The

W/cmz), is 54° from the ecliptic

and the sun only moves to this close an approach once a year near the autumnal

equinox. Scattering from the earth or spacecraft at displacements as close as

o \ \ . . . . 1.
15" occurs twice per orbit but again the high value for HS is periodic rather

than continuous, Thus the value of HS might have been made an orbit wvariable

and its average much reduced.
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TABLE 5.3-1.STAR TRACKER ERRORS

SYMBOL MICRORADIANS DESCRIPTION
OPTICS
Tracking loop noise due to scattered light:

EDA1SU 3.43 random error in angle DA of tracker No. 1,
star Cih

EDD1SU 3.43 random error in angle DD of tracker No. 1,
star Cih

EDA2SU 5.51 Phecda

EDD2SU 5.51 Phecda

EDA3SU 1.99 Arcturus

EDD3SU 1.99 Arcturus

EDALSU 2.25 Altair

EDD4SU 2.25 Altair

EDASSU 1.57 Achernar

EDD5SU 1.57 Achernar

EDA6SU 1.47 Rigel

EDD6SU 1.47 Rigel

EDATSU 3.93 Delta Vela

EDD7SU 3,95 Delta Vela

EDA8SU 3.66 Peacock

EDD8SU 3.66 Peacock

EDAeSB 2,43 Residual misalignment in telescopes after

: : mn_.n

EDDeSB .43 calibration. e'" represents star tracker
Nos. 1 thru 8

EDAeSB 1.70 Edge tolerance of reticle slit

EDDeSB 1.70

EDAeSB 145 DA Misalignment of arms of reticle slit and

EDDeSB 145 DD : .

EDAZgB 14; D non-perpendicularity of arms of reticéle slit,

EDDeSB 145 DA Units of angles DA and DD are radians.




TABLE 5.3-1.

(Continued)

SYMBOL MICRORADIANS DESCRIPTION
SIGNAL PROCESSING

EDAeSU 2,43 Wedge position

EDDeSU 2.43

EDAeSU 2.45 Wedge position pickoff

EDDeSU 2,43

EDAeSU 4.85 Filter delay variation

EDDeSU 4.85

EDAeSB 4,85 Image asymmetry

EDDeSB 4.85

EDAeSU .49 Threshold accuracy

EDDeSU 49

EDAeSU 0.66 cos (9ODA) Quantization error

EDDeSU 0.66 cos (90DD)

EY7SR (see 5.3.5.4) Thermal Distortion
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The optics for each telescope is to be aligned to the sensor
cluster within 30 arc seconds but calibrated to within one arcsecond. The
assumption in this error analysis is that a tolerance represents two standard
deviations. This is because the difficulty of the work does not permit a
normal Gaussian distribution. Thus the figure for EDDeSB in Table 5.3-1 is

2,43 microradian or 0.5 arcseconds one sigma for each telescope,

The tolerance on the edges of the slits in the reticle is + .00012
inch. This also is considered two sigma. The error in blur position detection

is one-half of the position error of one side of the slit, The focal length is

12pinch  _
2.5 inch

1.2 prad. Assuming the errors on each side of the slit are independent

2.5 inches. Thus the one sigma error due to one edge is 1/2 (1/2)

J1.2% +1.2% = 1.70 urad

is the expected error from this source,

The alignment of the legs of the L-shaped slit in the reticle can
be adjusted mechanically by rotating the reticle in the telescope. The
accuracy of adjustment is limited by the straightness of the slits, the
perpendicularity of one slit to the other, the quantization in the signal
processing, tracking loop noise and calibration errors. Assume that system
noise is made small by use of a simulated star of adequate irradiance and that
calibration errors are small., The quantization interval at the edges (+ 0.50)
of the field of view is 1.67 prad., It would be possible to adjust the slit
so that the quantization jump did not occur in DA while .the simulated source
was moved over the field of view in DD except for the straightness tolerances
on the slit edges. The number of positive jumps might be made equal to the
number of negative jumps. The quantization interval could thus be used in

the determination of the minimum cross-coupling:

FDA = 1,67 yrad DD

" 1.0 degree (DD in degrees)

= 96 DD . rad/rad (DD in radians)
The perpendicularity of one slit to the other is specified as + 1.0 minute of

arc or 290 prad/rad. The reticle adjustment tolerance must accommodate the

above errors. With a tolerance (two sigma) of + 1.0 minute of arc on each arm:

EDA = + 145 DA + 145 DD
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5,3.1.2 Signal Processing

The errors listed under signal processing in Table 5,3-1 are
estimated to be attributable to the STARS signal processing up to the point
where output registers store counts representing angles DA and DD from each
star being viewed. The quantization error decreases at the edge of the field

of view due to the geometry of the reticle slit and the nutation circle,

5e3.2 Gimbal Errors

5.3.2.1 Ball Bearings

The maximum errors for the ball bearings of each gimbal axis were
presented in Table 3.4-L, For the purposes of the error analysis these
data were summed as described below; the results are listed in Table 5,3=2,
The values in Table 3.4-4 are maximum, or specified, so they are considered

tolerances at two-sigma. Item numbers are from Table 3,4-4.

Item 2 is the residual error in one inner race after mechanical
compensation. The one-sigma value is 0.75 microradians. The bearing at
the other end has the same residual error but it is assumed to be
independent so the misalignment about the two axes perpendicular to the
shaft axis is 0.75 microradians each. This same mechanism is presumed

to act on the outer raceways.

Items 3, 4, 5, 12, 13 and 14 similarly cause misalignments with a one-

sigma summation of A Wl.s)e +(1.5)2 +(1.0)% +(0.5)% +(0.5)%4(0.5)% = 1.25

microradians rss. These errors are also assumed to cause both inner and

outer race misalignment.

Items 6 and 15 are difficult to evaluate. Again we will consider that
the "worst case" figures given in Table 3.4-4 for contamination and

Brinnelling are two-sigma, but rather than causing simple eccentricity they

will be considered to be rms noise. Thus 1/2 # (h,5)2 N (3.0)2 = 2.70 micro-
radians. This figure is assumed to be independent for inner and outer races.

The remaining items of Tablé 3.L4-L are either combinations herein

accounted for (10 and 11) or they are not applicable (1, 7, 8, 9 ).



TABLE 5.3-72,GIMBAL ERROR SOURCES

SYMBOL MICRORADIANS DESCRIPTION
Ball Bearings
EX8GB 0.75 Residual misalignment after mechanical
EY8GB 0.75 , ) , :
EX7GB 0.75 compensation, inner gimbal axis
EYTGB 0.75
EX6GB 0.75 Residual misalignment after mechanical
7
giggg 8';; compensation, outer gimbal axis
EZ5GB 0.75
EX8GU 1.25 Uncertainty in alignment, inner
EY8GU 1.25 _— .
EXTGU 1.25 gimbal axis
EY76U | 1.25
EX6GU 1.25
EZ6GU 1.25 Uncertainty in alignment, outer gimbal
EX5GU 1.25 X
EZ5GU 1.25 axis
EX8GU 2,70
EYSGU 2,70 Uncertainty due to contamination and
gﬁzgg §'$8 Brinelling of races, inner gimbal axis
I L]
EX6GU 2.70
EZ6GU 2,70 Uncertainty due to contamination and
ggggg g’$8 Brinelling or races, outer gimbal axis
R A
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TABLE 5.3-2. (Continued)

V SYMBOL MICRORADIANS DESCRIPTION

Gimbal Machining

Runout of STARS mounting flange

Pin locations in STARS mounting flange

Residual error of inclimation angle

between gimbal axes after compensation

_EX8GB 2.69 Runout of mounting flanges for star

sensor clusters.,

Pin locations in cluster mounting flanges

Dimensional Creep

Warping of inner gimbal shaft

twisting of inner gimbal shaft, north cluster]
EZ8GU 3.90 twisting of inmer gimbal shaft, south cluste
twisting of inner axis housing

warping of outer gimbal shaft

warping of base

twisting of outer gimbal shaft
twisting of base

Acceleration-Sensitive Error

Residual error after compensation for

bending and bearing compl iance
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5¢3.2.2 Gimbal Tolerances

Five tolerances of the gimbals must be considered. These errors

are fixed biases which can be measured and compensated. They are:

1. Runout of STARS base mounting flange with respect

to the outer gimbal axis.

2. Pin or notch locations in STARS base mounting flange.

3. Accuracy of machining of inclination angle between
inner and outer gimbal axes.

4, Runout of mountings for the north and south polar star
sensor clusters,

5. Pin locations in mounting for the north and south polar

star sensor clusters.

We will assume that the runout can be controlled to 50 microinches
'two-sigma on the 6.5 inch diameternnunting base. The error is thus

1/2 (6?%) = 3.84 microradians, 0.707 of which will be assigned to

each axis perpendicular to the outer gimbal axis. The pins which establish
rotation agbout the pitch akis are given a 50 microinch location tolerance,

all of which occurs about the outer gimbal axis.

The machining of the inclination angle need only be held closely
enough to not use a significant part of the offset tracking capability.
The uncompensated value might be as much as one minute of arc. The
residual after measurement and compensation is 0.5 second of arc or

2,42 microradians.

The runout in the mounting for the star sensor clusters is more critical
due to the smaller diameter. If the tolerance on this runout is held to
20 microinches on the 2.625 inch mounting bolt circle, the one-sigma
error is 1/2 (2.323-59 = 3.81 microradians. Again, 0.707 of this will be
assigned to each perpendicular axis. The pin locations must be held to the

same magnitude of tolerance.



5.3.2.3 Dimensional Stability

The warping which may occur in a symmetrical, thermally stabilized
beryllium structure is next to impossible to predict. The STARS operates
in a stable temperature environment because of its layer of insulation
but it is continuously subjected to thermal cycling with a period of
100 minutes and a peak-to-peak amplitude of about 1°F. As an allowance
for creep due to relief of internal stresses and bearing preload, and to
account for launch stresses, a one-sigma figure of 1 microinch per inch
uncertainty in bending and 0.3 microinch per in twisting is introduced in

the gimbal structural members.

The inner gimbal shaft has a total length between sensor cluster
mounting flanges of 14.6 inches. Thus a warpage of 14.6 microradians
is introduced, half on each end, so 1/2 (0.707) (14.6) = 5.16 prad on each-
of axes X8 and Y8, Warping of the inner axis housing has negligible effect,
Twisting along the inner gimbal axis is 3.9urad for the south star sensor
cluster and 0.48 for the qorth star sensor cluster due to the location of
the pickoff at the north end. The same twisting allowance applied to the
housing about the shaft results in a dislocation of the encoder stator and
resultant errors for both clusters, The same reasoning applied to the

outer axis produces the values shown under dimensionagl creep in Table 5.3-2.

5.3.,2.4 Acceleration Sensitive Errors

Pointing errors due to compliance in the gimbals may be extremely
difficult to measure because of the unavailability of a precise star field
which can be '"tumbled" during test, It will probably be necessary to correct
for the displacements due to gravity during test by measuring the weights
and compliances of structural elements of STARS and making the compensation

"open loop".
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As an example, consider that the STARS is being tested in the laboratory
with the polar axis vertical. The outer gimbal shaft will deflect due to
the overhung weight of the inner axis components and the sensor cluster
assemblies, The base cylinder will also bend slightly but the major source

of compliance will be the ball bearings.

The outer gimbal shaft is sketched below, For simplicity it is

assumed that the shaft is horizontal.

R1 P = 501b

&

10 in 5 in—3m

R2

The load P is approximately 50 1b and the resultant bearing reactions are
R1 = 15 1b, R2 = 651b, Bearing Rl is one of the smaller bearings and is
mounted on a compliant member. A compliance of K1 = 5 microinches/1b is
reasonable at this point. Bearing R2 is a larger bearing and is solidly
mounted into the base structure. K2 is approximately 1 microinch per 1b.

The total deflection, assuming shaft and base are perfectly stiff, is:

Rl x K1 + R2 x K2

EX6 =
10
= _15 (5) + 65 (1)
10
EX6 = 14 microradians

The question becomes 'what is the accuracy of compensation'. We will
assume that the calculated compensation can remove 80% of the error, leaving

a residual bias of 2.8 microradians, one-sigma. ,



TABLE 5.3-3. ERRORS OF GIMBAL ANGLE ENCODERS

MICRORADIANS DESCRIPTION

3.%0 sin (@ + Centering of Inductosyn discs

3,30 sin (I + 6,) (en are random phase angles)

2.42 sin (@ + Effect of bearing bias
2,42 gin (I +

4,85 sin (@ + Rotor to housing alignment

4,85 sin (I +

4.85 sin (@ + Stator to shaft alignment
4,85 sin (I +

.97 sin (P +
in (I +

(¢ + Root- sum-squared total bias errors.
811 and 312 are random phase angles
0 to 360 .

Electronic error systematic with
poles of Inductosyn. rms of 2,1k
sin (512 @ + 9)

Uncertainty due to bearings

Quantization

Root- sum-squared total of

uncertainties
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5e3¢3 Gimbal Position Encoders

The errors given in Table 5.3-3 are derived from Table 3.4-5, The
errors which are due to alignment and centering adjus tments are sysfematic
and have the form of sinusoids of one gimbal revolution where the value
given in 3.,4-5 is the one-sigma amplitude. Each of items Bl through B5
in Table 3.4-5 has an independent phase angle.. Their rss total, expressed
in microradians, is the 8.05 amplitude seen in Table 5,3-3 for the bias
errors., The bias error from the encoders has been characterized as
a "typical" error in order to demonstrate the propagation of: error through
the system.

The errors which are systematic with the poles have an amplitude
of 2.18 microradians and a rms value of 1.5}t microradians. This has been
classified as an uncertainty error but could be considered as a compensatable
bias. The quantization error due to utilization of a 19 bit register is
calculated as follows, The step is 12 microradians so the peak error is
6 microradians. The rms error of a saw tooth is 1/‘/3- times the peak

or 3.47 microradians.

5e3e4  STARS Control System

The errors listed for the STARS control system in Table 5.3-4 are taken

from Section 3.5 and are explained in detail there,
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TABLE 5,3-4. ERRORS OF STARS CONTROL SYSTEM

MICRORADIANS DESCRIPTION

Mean droop of servo positioning error

Uncertainty and diurnal variation in

servo positioning error
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Figure 5.3-1. Thermal Distortion of Base and Gimbals



5.3.5 Thermal Distortion

5.3.5.1 Definition

Thermal distortion is herein defined as the angular errors of
the STARS axes which are the result of the in-orbit operating thermal en-
vironment (vacuum, spacecraft heat sink, radiation to deep space, direct
sun load, eclipse) compared to a condition wherein the STARS is assembled

with all parts at 25°C (77°F, 298.15K).

A less conservative definition would compare the in-orbit operating
thermal environment with the laboratory thermal environment in which the STARS
is calibrated. For use in the error analysis, this definition would require
that the laboratory thermal environment be defined and calculated, and that
temperature mapping and the resultant distortions be obtained for this environ-
ment for subtraction from the in-orbit distortions. The improvement available
from use of this definition is considered to be small unless the sun load énd

vacuum conditions could be simulated during the calibration,
5.3.5.2 Mechanisms

The following source of thermal distortion are evaluated in this
study:

1. Base - The temperature difference between the '"sun' side and.the
shade side, temperatures T6 and T8 respectively in Figure 5,3<1), will bow the
cylinder as shown, carrying the centerline of the bearings out of line with the
mounting flange. Each bearing is presumed to act as a self aligning bearing.

At the vernal equinox the radiation received at T5 and T7 is equal. During

the summer the sun moves north with respect to the celestial equator and T7
becomes warmer causing a distortion as sketched in Figure 5,3-1). The analysis’
assumed that the base was covered with the same insulation blanket as was applied

to the gimbals and that the spacecraft structure provided no thermal shielding.
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2, OQuter Gimbal - Bowing of the shaft of the outer gimbal (pitch)

axis is considered as is bowing of the housing for the inner gimbal (polar)
axis as shown in Figure 5.3-1). Symmetrical bowing of a member may not

cause a net angular error as will be seen by study of Figure 5,3-1).

3. Inner Gimbal - Bowing of the inner gimbal due to differences between

the "hot'" side and the ''cold" side of the shaft, temperatures T25 and T26 in
Figure 5,3-1) directly influemce the alignment of the sensor cluster assemblies

on both ends of the inner gimbal axes.

4. Sensor Cluster - A difference between temperatures 29 and 30 due

to sun load on the adaptor and mirror mount will further displace axis Z9 of
the sensor cluster with respect to the IA as seen in Figure 5,3-2 Unsymmetrical
dissipation of the wedge motor would affect this warping, but the dissipation
of the motor is so low and the precision with which it must be wound is so high
that the effect will be considered negligible compared to sun load. Warping
of the mirror cluster is considered to be too complex to consider at this time.
The spacer that supports the telescope objective cluster is subject to warping

due to differences in temperatures 31 and 33,

5.3.5.3 Thermal Analvsis

5.3.5.3.1 Objectives and Design

The objective of the thermal analysis was to investigate the feasibility
of maintaining STARS temperatures and temperature gradients within acceptable
levels. An operational bulk temperature of 90 + 10°F is specified for the system,
while the acceptability of temperature gradients is determined from the magnitude

of the induced angular position errors.

An assumed baseline design directed towards minimizing temperature
gradients was employed for the feasibility study. The entire unit is super-
insulated (except for the sunshade apertures), and conductively isolated from
the spacecraft. The insulation blanket, with an effective emittance (¢) of
0.03, is encased in an aluminum kapton cover. Since the same surface of STARS
is always illuminated, the back (shadowed) surface can be black to provide a
total effective ¢ = 0,76 while maintaining the solar absorptance of the kapton

(¥ =0,16) on the illuminated surface.



A bulk thermal analysis was parformed on the cantilever configuration
shown in HAC Drawing L3006211., Internal heat dissipation was assumed to be

constant and distributed in the following manner:

Unit q, Watts
Gimbals
Pitch Motor .2
Polar Motor 02
Inductosyn (2) )
Slip Rings (2) .2

Sensor Head

Wedge Motor (2) 8.0
High vVoltage P,S. (2) .5
Electronics (2) 1.5

TOTAL 11.1

The nominal orbit for S5TARS application has been defined as a sun
synchronous, 500 mile, circular, high nocon orbit with a 100 minute period.
In this orbit, the sun vector is always normal to the pitch axis, and within

+ 23 1/2° of perpendicular to the polar axis.

Since spacecraft configuration and temperatures are not defined, a
parametric study was performed to determine the compatability of the baseline
thermal design with various spacecraft and orbital conditions. The results
show that adequate temperature control (90 + IOOF) can be provided over a

reasonable range of typical environments.,

5.3.5.3.2 Bulk Analysis

A simplified nodal model was employed to determine the suitability
of the baseline design for several orbital conditions, spacecraft temperatures
and viewability. Four nodes representing STARS, the outer cover of the in-
sulation blanket, the spacecraft and space are shown with the radiation coupling
terms in Figure 5.3-3, The latter two nodes were treated as boundary conditions

thereby requiring two heat balance equations to describe the network:

Node 1, STARS:
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Nomenclature and nominal values are contained in Table 5.3-5, ‘The nominal values
were used to compute the orbital average bulk temperature of STARS as a function
of spacecraft temperature for sun synchronous noon and twilight orbits, and for
an earth synchronous orbit; results are shown in Figure 5.3-4, For the sun syn-
chronous noon orbit the sun vector was assumed to be normal to the plane of the
pitch and polar axis; the twilight orbit analysis was based upon a sun vector
normal to the polar axis and pointing at the pitch axis, The earth synchronous

orbit was considered to provide the same illumination angle as the noon orbit,

Seasonal temperature variation of STARS for the nominal 500 mile,
circular, sun synchronous noon orbit was computed to be on the order of loF
higher than during equinox. The small temperature increase results from the
STARS symmetry; the projected area is 2,13 ft2 at both summer and winter solstice

and 2,06 ft2 at equinox.

The above analysis assumed a view factor of 0.5 to the spacecraft
and no earth view, Figure 5.3=5, generated for the nominal noon orbit, illustrates
the range of orbital average spacecraft temperatures as a function of spacecraft
view factor which will provide acceptable bulk temperature levels for STARS, It
was assumed that the sum of the view factors from STARS to spacecraft and earth
was 0.5. Earth loads were computed from a OOF IR black body, with a diffuse
solar reflectance of 0.34, It is seen that if STARS has a view factor of 0.5
to the spacecraft it can be maintained within the 80-100°F range if the orbital
average spacecraft temperature is within =25 to +#2°F. The divergence of the
band results from the earth loads, since the equilibrium temperature of STARS

with the earth environment (no spacecraft) is 88°F.

A similar set of data is constructed in Figure 5.3~6 for a typical earth
synchronous orbit, Both bounding curves increase with decreasing view factor
since earth loads were assumed to be negligible at earth synchronous-altitude.
Comparison with Figure 5.3-4 shows that lower spacecraft temperatures are required
to maintain STARS at 100°F for the earth synchronous orbit when the view factor

exceeds .38 (approximately), This is due to higher orbital average sun loads
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TABLE 5.3-5., NOMENCLATURE AND NOMINAL VALUES

Definition

Internal Dissipation

Maximum Orbital Average Solar Load

thru Sunshade Aperture

Absorbed Orbital Average Solar

“Load on Exterior of Blanket

Projected area of STARS:
Equinox o
Solstice

Surface Area of STARS

Surface Area of Blanket

Sunshade Area

Orbital Average Solar Intensity

' Effective emittance through

Insulation Blanket -
Emittance of Blanket Cover
Emittance of Spacecraft

Solar Absorptance of Blanket
Cover

View Factor through Sunshade to:

Spacecraft
Space

View Factor from Blanket cover to:

Spacecraft
Space
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Value (Nominal)

w

11.1

1,0"

21.0

2.06 ftg
2.13 ft

7.6 ft2
7.6 ft2 (blanket thickness

’ ~ ,25")
1.1 in° and 2.3 in2
221 BTU/Hr-Ft’

.03

0.76
0.8

.16
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over the 24 hour orbit (S ~ 442 x (23/24) versus S = 442 x (50/100) for 500

‘mile sun synchronous orbit).

Figure 5.3-T was generated to provide some insight into the effect of
vehicle size on the form factor from STARS to the spacecraft. Approximating
STARS with the outside of a 10 inch diameter, 3 foot high cylinder, .and the
spacecraft by a disc shaped area centered at the base of the cylinder, the
form factor to the spacecraft was found as a function of disc diameter, The

geometry is illustrated in the figure.

The results of this analysis indicates that the baseline thermal
design concept for STARS can provide adequate temperature control when exposed
to a reasonably wide spectrum of spacecraft temperatures and orbital conditions.
A specific final design must be developed in conjunction with the detailed
definition of spacecraft configuration, temperature and orientation. The

foregoing analysis has shown feasibility which was its intent,

The final phase of the bulk analysis is devoted to determining the
transient respoﬁse characteristics of STARS throughout an orbit. This analyses
was limited to the nominal 500 mile, noon orbit with a 100 minute period. It
was assumed that the spacecraft shadowed STARS for half of the 100 minute orbit,

and obscured earth at all times,

STARS and its insulation blanket were discretized into 17 nodes shown in
Figure 5.3-8. One boundary condition, the effective sink temperature, was
employed, which represented a conservative equivalent space/spacecraft temperature as
shown in Figure 5.3~9., The variation of effective sink temperature from -460°
to -40°F is unrealistic and will induce larger temperature variations than will
occur under actual conditions. 1If the view factor to the spacecraft is 0,5
the effective sink temperature of -40°F corresponds to a spacecraft temperature
of +0°F. The network was solved with a time sharing program for transient
thermal analysis from the HAC library. 1Initial conditions are at sunrise with

the vehicle moving towards noon.

The solar loads used in the analysis are those occurring during equinox.
Solstice conditions were not simulated in view of their similarity to equinox as
shown in the orbital average analysis. Apertures in the sensor head were treated
as black surfaces lumped in the sensor head node. These surfaces were subjected

to direct solar loads and radiated directly to the equivalent sink temperature.



TABLE 5.3~-6. SUMMARY OF BULK TRANSIENT ANALYSIS

TEMPERATURES, F
NODE LOCATION SUNRISE __ NOON __ SUNSET
1 Pitch Motor 87 87 88
2 Pitch Motor Ho;sing 87 87 87
3 Pitch Motor Shaft 87 87 88
4 Shaft, Pitch Arm 87 87 88
5 Housing, Pitch Arm 87 87 87
6 S/C Mounting Surface 86 87 86
7 Shaft, Pitch Arm 87 88 88
8 Housing, Pitch Arm 86 87 87
9 Insulation Cover -63 24 -63
10 Housing, Polar Arm 88 88 88
11 Shaft, Polar Arm 89 89 89
12 Insulation Cover =94 7 -94
13 Sensor Head Mounting Plate 89 89 90
14 Sensor Head Mounting Platec 89 89 89
15 Sensor Head 91 92 92
16 Sensor Head 91 91 92
17 Insulation Cover -88 10 -88
18 Effective Sink -460 -40 -460
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" Table 5.3-6 contains a summary of the results showing nodal temperatures at sun-
rise, noon, and sunset., The data shows orbital temperature variations on

the order of 1°F per node, and a maximum differential of 5°F between nodes.
These results demonstrate the feasibility of maintaining STARS within + 10%F

of a nominal operating temperature,

5.3.5.3.3 Gradient Analysis

The objective of this phase of the analysis was to obtain circum-
ferential temperature gradients around the sensor head, and the pitch and
polar axes as a function of orbit time., Simplified conservative nodal models
were synthesized to provide the desired data. Orbital parameters used for this
study correspond to the nominal 500 mile, high noon orbit during equinox. Sol-
stice conditions were not simulated in light of the results of the bulk analysis
which showed a seasonal variation of 1°F in bulk temperature. In addition, the
extreme conservatism employed in the definition of boundary conditions should
result in largef predicted gradients than will actually occur. The temperature
response data was obtained with the HAC transient thermal analysis program,
Since the results are felt to provide an upper bound on temperature gradients,
no attempt was made to determine their accuracy. The two primary sources of
error are truncation, which is inherent in finite difference approximations,
and roundoff associated with numerical solutions. Another influence on the
results is the approximation required to simulate time dependent boundary
conditions, The computer program limits such functions to five points, linearly

interpolating to obtain data between these points,

The use of uniform nominal property values in model development is
another source of difference between predicted and actual performance. The

nominal properties of beryllium used for the analysis are:

Thermal Conductivity = 104 BTU/Hr-Ft-CF
Heat Capacity = .45 B’I‘U/lb-oF
Density = 0,067 LBm/Ft3

Lower than nominal thermal conductivity would result in larger temperature
gradients and tend to decrease the response rates of the actual system. Heat
capacities and densities below nominal would tend to increase the systems respohse

rate over that predicted.
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Temperature variations per node and differences between nodes were
“typically less than 1°F. 1In order to obtain observable circumferential
temperature differences around the sections, the computer results were used to
the fourth decimal place. Roundoff of the data to the nearest degree (or even

o , , ,
0.1 F) showed the circumferential sections to be isothermal,

5.3.5.3.3.1 Star Sensor Cluster

A star sensor cluster assembly was simulated with 10 nodes as shown
in Figure 5.,3-10. . Heat dissipation from the wedge motor (4 watts), high
voltage power supply (.25 watts) and electronics (.75 watts) were assumed to
be constant throughout the orbit. Radiation coupling between the sensor head
nodes was not included to provide some analytical conservatism, Heat rejection
from the sensor head occurs via parallel paths through the insulation blanket
and through the sun shades. The temperature profiles applied at the outer skin
of the insulation blanket are shown in Figure 5.3-10., These values are unrealistic,
but provide extreme conservatism in terms of the resulting gradients and transient
temperature variations. Regions of the blankets not illuminated are maintained
at -460°F. Temperature profiles on the illuminated regions of the blanket were
computed as equilibrium values based on radiation of the solar load to space.
During the half orbit when STARS is shadowed by the spacecraft, all blanket

0
temperatures are set to -460°F.

The orbital temperature history of Nodes 1 through 4, which were
employed in the distortion analysis, are shown in Figure 5,3-11, .The rapid
temperature change evidenced by the sun side of the cluster support (Node 4)
at sunrise and sunset is its'reSponse to the step function boundary tempera-

ture applied to the blanket cover (Node 13),

5.3.5.3.3.2 Gimbals

Analysis of the orbital temperature gradients which occur in both
pitch and polar axes was performed on the original baseline configuration where
the polar shaft was located at the center of the pitch axis, The models employed
for this study are felt to be representative of the cantilever concept also. The
cantilever design contains a shaft inside of the pitch housing whereas the original
design which was analyzed did not. The presence of the shaft would dampen the
response characteristics‘of the housing, thus the pitch axis analysis should be

conservative,
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Figure 5.. 3-12 shows the configuration and nodal locations used in
this analysis. Boundary conditions are similar to those employed for the sensor
head analysis. Conduction boundary conditions were determined from the bulk

orbital analyses.

The orbital temperature histories of the circumferential sections
through the east and west arms of the pitch axis are presented in Figure 5.3-13.
In the original baseline configuration, the pitch axis gimbal motor (dissipating
.SW) was located at the end of the east arm and the inductosyn (.1“5 at the end
of the west arm. The difference in heat dissipation levels associated with this
design accounts for the east arm running warmer than the west arm (on the order of
loF). Detectable circumferential gradients require temperature resolution to
hundreths of a degree as shown. The difference in amplitude and shape of the
temperature responses is attributed to the conductive boundary conditions
applied. The west arm is more sensitive to the solar load than the east arm
because of its lower dissipation level. Bulk analysis showed the pitch motor
to have a total temperature variation of 2°F versus 1°F for the inductosyn; these
amplitudes are reflected in the data of Figure 5,3-1%., The difference in the
shape of the curves are probably due to the fact that the rate of temperature

change for the west pitch axis is about twice that of the east pitch axis.

Figures 5.3-14 and 5.3-15 present the orbital temperature histortes of
the polar axis housing and inner gimbal respectively. Thermal modeling of the

housing simulated conductive coupling to the pitch axis only from the east

(node 21) and west (23) nodes. The temperature differential between these

two nodes is attributed to the east arm of the pitch axis being warmer than the
west arm as previously discussed, The shaded node (24) is shown to run warmer
than both east and west nodes. All four nodes (21-24) were conductively coupled
to the sensof head which was treated as a boundary condition, Since the system
exhibits high conductance relative to the superinsulation blanket, heat flows
from the sensor head to node 24, some of which is radiated, and the remainder
conducted via nodes 21 and 23 to the pitch axis arm., It would be anticipated

that node 24 should be the coolest, suggesting the modeling approach could be

improved.
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5.3.5.3.5 Conclusions

The thermal analysis has demonstrated the feasibility of main-
taining adequate thermal control (90 + 1OOF) of STARS under a reasonably wide
spectrum of spacecraft and orbital environments. An assumed baseline design,
directed towards minimizing circumferential temperature gradients, was em-
ployed for this study. Definition and implementation of a flight design will
require specification of vehicle configuration temperatures and orbital para-
meters, If the flight design employs a superinsulation blanket, developmental

testing should be performed to insure the desired effective emittance is attained,

Circumferential temperature gradients around the sensor head, and the
pitch and polar axes were determined and found to induce angular position errors
within the allocated budget. The computed temperature profiles required definition
to hundreths of a degree to detect temperature differences., The accuracy of this
level of definition is unknown; typically, such data is rounded off to the
nearest degree for interpretation and evaluation. The conservatism of the nodal
models employed should have produced worst case results, use of the dataassumed

this to be true.

The magnitude of the allowable gradients (less than 0.1°F per inch)
precludes direct test verification. 1In addition.to measurement inaccuracies,
precise simulation of environmental conditions would be difficult., A possible
approach to determining the magnitude of thermally induced pointing errors would
be to compare measured errors exhibited under two different thermal conditions.

The desired data might be provided by comparison of the pointing error when STARS
is subjected to a uniform thermal environment with that occurring in a simulated
solar radiation environment, Definition of such a program would require additional

analysis and considerable planning and pretesting.

5.3.5.4 Distortion Determination

The temperature gradients obtained from the STARS nodal simu-
lation were applied to the geometries of the appropriate STARS components,
The computed gradient was assumed to act over the entire length of each nodal
component; conservative analytical approximations to the actual geometries
were made, and all components were assumed to be made from beryllium, The
respective internal and external gradients were not available for all nodes,

but conservative approximations of the gradient values were assigned.
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The results of the thermal distortion analysis are given in Tables
5¢3-7 and 5.3-8 for the north star sensor cluster. For the south star
sensor cluster the errors EY7GR, EY7SR (support) and EY7SR (spacer) are the

opposite polarity to those listed.

Errors EX5GR and EZ5GR are distortions of the base. The calculations
of temperature were based on the section being one leg of the outer gimbai of
the original baseline configuration as shown in Figure 5,3-12,
The outer gimbal does not rotate at orbital rateas does the base. The thermal
lag in the base will cause some error in the use of outer gimbal temperatures
for the base. As seen in Figure 5.3-15, the thermal lag is small. The
difference in EX5GR and EZ5GR with the seasons will be essentially as in Table
5¢3-8.

The change in relative ascension of the sun with respect to the
. . o . . .
outer gimbal is less than 6 for the three orbits considered. See Figure §5,2-6.

This slight offset about the Z7 axis was not taken into account.

The error due to thermal distortion of the outer gimbal (pitch
axis) shaft EZ6GR, was taken to be twice that of the inner gimbal (polar axis)
shaft EY7GR because of the cantilever design. Both are insignificant because
of the thick-walled beryllium construction and the thermal shielding provided
by the surrounding housings and thermal insulation blankets. It will be necessary
to use care in the design of the slip rings and other features to avoid non-
symmetries in shaft cross-sections which may cause greater thermal non-symmetry

than the sun load,

Note in Table 5.3-7 that the error due to thermal distortion of the
spacer in the star sensor cluster is of opposite sign to the thermal distortion
error of the support. This is because the mirrors mount on the support and the
objectives mount on the other side of the spacer. See Figure 5,3-2, The potential

for self-compensation is evident,
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TABLE 5.3-7.  THERMAL

DISTORTION, VERNAL EQUINOX

ERROR ANGLES IN MICRORADIANS

Angle ¢ EX5GR EZ5GR EZ6GR EY6GR EYTGR EY7SR EY7SR
deg Support Spacer
15 <,001 -.101 .006 <,001 .003 .205 -1.709
30 <,001 -.107° Nolol <,001 .002 .225 -2,053
45 <.,001 -.102 .00k <.001 .002 «230 -2.120
60 <.,001 -.102 .00k <2001 .002 . 230 -2,133
7 <,001 -.102 .00h <,001 .002 <230 -2,135
90 <.001 -.102 .00k <001 .002 . 230 -2.136
105 <.001 -.102 . 004 <,001 .002 . 230 -2,135
120 <,001 -, 100 .00k «.001 .002 .230 -2.135
135 <.001 -.102 .00k ~.001 .002 .230 -2.136
150 <,001 -.102 .00k <.001 .002 . 230 -2.135
165 <,001 -.102 .00k <, 001 .002 231 -2,135
180 <2.001 -.102 .006 <001 .003 . 230 -2.135
195 <,001 | -<.001 .00k <.001 .002 .017 - .26L
210 <,001 | -<.001 .006 <,001 .003 -.006 .111
225 <,001 |-<.001 .00k <.001 .002 -.011 .184
240 <.,001 | -<.001 .00k <,001 .002 -.011 .198
255 <.,001 |-<,001 .00k <.001 .002 -.011 201
270 <0001 -<.OO]. .OO’-‘- <0001 n002 "0011 .199
285 <.,001 |-<.001 .00k <,001 .002 -.012 .201
300 <,001 |-<.001 .00k <.001 .002 -.012 .201
515 <0001 "<0001 QOOL" <0001 0002 ".011 .201
330 <,001 |-<,001 004 <.,001 .002 -.012 .201
345 <,001 |-<,001 .00k <.001 .002 -.011 .201
360 <.001 -.012 .00k <.001 .002 066 072
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TABLE

5¢3=8. THERMAL DISTORTION OF BASE

FOR THREE ORBITS

.ERROR ANGLES IN MICRORADIANS

Angle P EX5GR EX5GR
deg Equinox Summer Nov 6 Equinox Summer Nov 6
15 <‘O()()]. .Oli-o = 0029 - o 101 - 1095 - .O9r|7
50 <0001 .OLI']. _0029 '0102 -0095 -0098
l|'5 <‘-001 nOLl'l ‘-029 -.102 '0095 '0098
60 <,001 041 -,029 -.102 ~.093 -.098
75 <.,001 Okl -,029 -.102 -.093 -.098
90 <,001 Lol -,029 -.102 -,093 -.098
105 <.001 .OL"]. -.029 '0102 '.095 "0098
120 <,001 Ol -,029 -.102 -.093 -.098
135 <,001 Ol -.029 -.102 -.093 -.098
150 <,001 Okl -,029 -.102 -.093 -.098
165 <,001 Okl -.029 -.102 -.093% -.098
180 <'OO]. 002{'1 '0029 -0102 '0095 '0098
195 <.OOl <-..001 <.001 ‘.OO]. -.OO]. -.001
210 <.,001 <.,001 <,001 -<,001 -<,001 -<,001
205 <,001 <.,001 <.001 -<,001 -<,001  -<,001
2L0o <,001 <,001 <,001 -<,001 -<,001 -<,001
255 <,001 <,001 <,001 -<,001 -<,001 -<,001
270 <,001 <.001 <,001 -<,001 -<,001 -<,001
285 <0001 <0001 <.001 -<0001 -<.001 -<.001
300 <,001 <,001 <,001 -<,001 -<,001 -<,001
515 <.001 <0001 <.OOl —<.001 -<.001 —<.001
330 <,001 <,001 <,001 -<,001 -<.001 -<,001
345 <,001 <,001 <,001 -<,001 -<.001 -<,001
360 <¢OO]. 0005 0005 '0012 '0011 '0011




Tracker
No.

TABLE 5,3-9

STELLAR PARALLAX AND PROPER MOTION

Distance
parsec

Parallax Semimajor
Axis_arc seconds

Proper Motion
sec/year

Achernar
Rigel

Delta
Vela

Peacock
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5.3.6 Error Sources Outside the STARS System

Following are some errors which will affect the accuracy of the

STARS system in use but which are not accounted for in the error

analysis,

1.

2-

Ephemeris data of spacecraft:

orbital coordinates, time, anomalies, variation in latitude

Ephemeris data of stars (data in seconds of arc):

e precession of the equinoxes (general precession):

e Lunisolar (precession of the celestial pole):

e mean: 50" per year

e nutation: 9.2" semimajor axis, 18.6 year period
e planetary (precession of the ecliptic pole): about 1.2'" per year

stellar aberration: 20.5" for stars perpendicular to earth's

]
velocity in orbit
e stellar parallax due to earth's position in orbit: See Table 5.3-9.
® proper motion of a star with respect to the local standard of
rest: See Table 5,3-9,
e variation in latitude (movement of the earth with respect to
its poles):
e 12 month period: 0.2" diameter
® 14 month period: 0.1" to 0.5" diameter
® secular: 0.003" per year
® accuracy of known position: O0,1" to 0,01"
3, Time: One second of time is equivalent to 15 arc seconds of rotation

of the earth., Ephemeris time progresses at a precisely uniform rate

and is based on gravitational theory and the length of the tropical year

in 1900, Mean solar time is based on the earth's current tropical year.

The two kinds of time have an accumulated difference in 1970 of more than

30 seconds,
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" TABLE 5,4-1. TRANSFORMATION OF ERROR ANGLES INTO ROLL, PITCH AND YAW

—
COORDINATE SET TRANSFORMATION FROM HIGHER-NUMBERED SET
9 Star Tracker EX9 = -EDA sin (D + DD)
EYQ = -ED - EDD
EZ9 = EDA cos (D + DD)
8 Inner Gimbal EX8 = EX9 cos A - EY9 sin A
EY8 = EY9 cos A + EX9 sin A
EZ8 = EZ9
7 Outer Gimbal EX7 = EX8 cos I + EY8 sin I
EY7 = EY8 cos I - EX8 sin I
EZ7 = EZ8
6 Outer Gimbal EX6 = EXT7
EY6 = EY7 sin CLN + EZ7 cos CLN
EZ6 = EZ7 sin CLN - EY7 cos CLN
5 STARS Base EX5 = EY6 cos § - EZ6 sin @
EY5 = EY6
EZ5 = EZ6 cos § + EX6 sin §
I True Spacecraft ER = EX5
EP = -EY5 } using small angle approximations
EY = -EZ5
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5.4  Solution of Error Model

5.4.1 Transformations

The errors gathered in the various coordinate sets were transformed
into roll, pitch and yaw errors using the expressions in Table 5.4-1, The
errors of each of the three types (bias, thermal distortion, uncertainty)
and of each of the four subsystems (star sensors, gimbals, encoders, control
system) were transformed into errors about the roll, pitch and yaw axes.

It was assumed that the vehicle control system acts so as to reduce the

attitude error signals generated by the STARS to a mean value of zero.

5.4.2 Stars in Use

An important factor in determining errors vs position in orbit is the
choice of which two stars are being used to generate spacecraft attitude
error signals at that time. Tables 5,4-2, 5,4-3 and 5.4-4 show the stars that
are visible at the MBO increments around the three chosen orbits. These
stars were determined by an overlay of orbit C (southbound in the sun)
on the star visibility chart. The two brightest stars visible at any

point were used in the error analysis.

5.4.3 Offset Tracking

The error in the inclination angle of the orbit is likely to be

more influenced by the launch and injection parameters than by the accuracy
with which the inclination angle‘is machined into the gimbals. The offsets
required between the tracker line of sight and the star line of sight for

0, .250 and .50 errors in inclination at the vernal equinox are shown in Table
5eli-5 along with the errors which are sensitive to this offset. The
offset tracking angles and the errors at the star tracker are not influenced
by the outer gimbal angle. The expressions used to calculate the offset

tracking angles are:

-ECLN cos (A - I) sin D
ECLN sin (A - I)

DA
DD

]
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TABLE 5.4-2. ANGLE NOISE VS POSITION IN ORBIT, VERNAL EQUINOX
OUTER STARS VISIBLE BRIGHTEST STAR NEXT BRIGHTEST STAR
GIMBAL TO TRACKER NO.
ANGLE, P TRACKER NOISE, TRACKER NOISE,
bec | NORTH sourh | NAME NO. prad | VAME NO. urad
CLUSTER [ELUSTER
45 1,4 - Altair 4 2.25 Cih 1 3.43
90 1.4 5,8 Achernay 5 1,57 Altair 4 2.25
135 4 5,8 Achernar 5 1.57 Altair 4 2,25
180 - 5,7,8 Achernar 5 1.57 Peacock 8 3.66
225 3 7,8 Arcturus 3 1.99 Peacock 8 3.66
270 2,3 7 Arcturus 3 1,99 Delta 7 3.93
Vela
¥ 315 1,2,3 - Arcturus 3 1.99 cih 1 3.43
360 1,2 - Cih 1 3.43 Phecda 2 5.51
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TABLE 5,4-3.

ANGLE NOISE VS POSITION IN ORBIT, SUMMER SOLSTICE

G?ﬁ;i& §§A§§Ag§§§”§g, SRIGHTEST STAR NEXT BRIGHTEST STAR
AEEEE’ orer - Ysourn xamE | TRACKER | NOISE, [ ... |TRACKER NOISE,
CLUSTER | CLUSTER NO. b rad NO. hrad

|
45 1,2 6 Rigel 6 1.47 Cih 1 3.43
90 - 5,647 Rigel 6 1.47 |]Achernar 5 1.57
135 - 5,6,7,8] Rigel 6 1.47 }Achernar] 5 1.57
180 - 5,7,8 chhernar 5 1.57 Peacock 8 3.66
225 4 5,8 hchernar 5 1.57 | Altair | 4 2.25
270 3,4 8 Arcturus 3 1.99 Altair 4 2.25
315 1,2,3,4 - Arcturus 3 1.99 Altair 4 2.25
360 1,2,3 - Arcturus 3 1.99 Cih 1 3.43
) e
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TABLE 5,4-4.

ANGLE NOISE VS POSITION IN ORBIT, NOVEMBER 6

H»

OUTER STARS VISIBLE BRIGHTEST STAR NEXT BRIGHTEST STAR

GIMBAL | TO TRACKER NO. r L

aNcLE, | morte T sours | wue TRACKER | NOISE e [FRACKER | NOISE,
DEG CLUSTER | CLUSTER NO. wrad NO. krad
45 - Arcturus 3 1.99 Altair [ 4 2,25
90 2,3 - Arcturus 3 1.99 Phecda | 2 5.51
135 3 7,8 Arcturus 3 1,99 Peacock ] 8 3.66
180 - 5,6,7,8 JRigel 6 1.47 Achernad 5 1.57
225 - 5,6,7,7 JRigel 6 1.47 Achernay 5 1.57
270 1 5,6 Rigel 6 1.47 AchernaT 5 1.57
315 1 6 Rigel 6 1.47 Cih 1 3.43
360 1,2,3,4 - Arcturus 3 1.99 Altair | 4 2,25
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TABLE 5.k4-5. OFFSET TRACKING ANGLES AND ERRORS AT VERNAL EQUINOX
ERRORS IN MICRORADIANS
Tracker  ECLN DA DD EDAS EDDS

No. deg. deg. deg. Misalign. Quant. RSS Misalign, Quant. RSS
All 0 0 0 0 66 .66 0 .66 .66
1 .25 -.21 .06 .56 .62 .84 .56 .66 .86
2 .20 .01 .51 .63 .81 .51 .66 .84
3 .07 -. 14 .39 .66 .76 39 .65 .75
L -.02 -.22 56 .66 .87 .56 .62 .8k
5 .19 .10 .55 .63 .84 <55 .65 .85
6 .01 .2k .62 .66 .91 .62 .61 .87
7 -.13 .19 .58 .65 .97 .58 .63 .86
8 .12 -.20 .60 .65 .88 .60 .63 .87
1 .50 b2 .12 1.11 .52 1.23 1.11 .65 1.29
2 .40 .02 1.02 .53 1.15 1.02 .66 1.22
3 14 -.28 .78 .65 1,01 .78 .60 .99
L -.0k4 - bk 1.13 66 1.31 1.13 .51 1.24
5 .38 .21 1.10 .54 1,23 1.10 .63 1.27
6 .01 e 1.2 66 1.h40 1.24 7 1.33
7 -.27 .38 1.17 .60 1,32 1.17 55 1.29
8 .24 -1 1.20 61 1.35 1.20 .53 1.31
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The expressions for the offset tracking errors are:

1/2
EDAS= [(145 DA)2 + (145 DD)2 + (.66 cos 90 DA)2]

2 2 12
EDDS = [(145 DD)2 + (145 DA)” + (.66 cos 90DA) ]

The first two terms in each expression are due to misalignment of the
reticle slits and the third term will be recognized as the quantization

e€rror.

5.4.4  Thermal Distortion

The thermal distortion errors listed in the following tables of
errors for the star sensor, gimbal, encoder and control system, subsystems
of the STARS were kept separate from the bias and random errors because
the thermal distertion errors have specific predicted magnitudes and

polarities and are thus transformed and summed algebraically.

The equations used to transform the errors to the roll, pitch and

yaw axes are:

EZ6
ER

il

-EY7 cos CLN + EZ6
-EZ6sin 0 + EX5
EP = -Y7 sin CLN

EY = -EZ6 cos § -EZ5

]

These expressions are derived from the basic transformations in Table 5.4-1, The
terms on the right in three of the four equations are terms which originate on
the indicated axis and add to those terms which originate on higher

numbered axes and are transformed into the indicated axis.

The polarity of the EY7 error was reversed for star trackers in the
south polar sensor cluster to account for the fact that both clusters
warp away from the sun. Thus, the thermal distortion errors tend to cancel
for the positions in orbit where a star from the northcluster is being used

with a star from the south cluster.

Generally it will be noted that the thermal distortion errors are not a

significant part of the total error.
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5.4.5 Star Sensors

The errors originating in the north and south star sensor cluster
assemblies are listed in Tables 5.4-5, 5.4-7 and 5.4-8 for the three
orbits considered. The error coefficients from Section 5.4-1 were
transformed to the vehicle {STARS base) roll, pitch and yaw axes using
the expressions of Table 5.4-1., The bias, thermal distortion and random

errors have been separately compiled.

The bias errors are considered to be compensatable if adequate
computer capability were available. The thermal distortion errors might
also be largely compensated if suitable test techniques could be
developed. The errors would then be dominated by the random errors.

The random error is dominated by signal processing errors, see Table 5.3-1,

but with appreciable error in the tracking loop noise for the weaker stars,

The data in Tables 5.4-6, 5.4-7 and 5.4-8 varies considerably
with the outer gimbal angle @ for a given star. This is because polarities
were observed in the use of the transformations for set 5 in Table 5.k4k-1.
The terms might have been root-sum-squared., The rms value for a complete
orbit would not be significantly different., The use of the specific
polarities accounts for the sinusoidal variation in roll and yaw data for
bias and random which is apparent for tracker No. 4 in Table 5.4-6.
Note that the bias and random pitch errors for a given star tracker

do not vary with pitch rotation @.

The polarity of the thermal distortion is indicated in the tables

because the thermal distortion errors have a specific predicted polarity.

The bias, thermal distortion and random errors were root-sum-squared
to obtain the summations shown. At @ = u5° the roll error due to the
star sensor assemblies using tracker No. 1 (star Cih) is 6.33 microradians.
Due to the relative angles, the error for tracker No. 4 is 11;87 microradians
even though Altair is brighter than Cih. If these were the only system errors,
wer might average 6.33 and 11.87 to obtain the roll error. The rms of such
averages for a complete orbit at the vernal equinox is 7.36 pyrad in roll,

8.86 yrad in pitch and 4.97 prad in yaw.
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The star sensors are thus generally within the preliminary allocation of

8.72 urad per axis to a subsystem.

5.4.6 Gimbals

The errors originating in the gimbals are listed in Tables 5.4-9,
5.4-10 and 5.4-11. For the bias and random errors in these tables
the terms of the expressions in Table 5.4-1 were root-sum-squared with
the errors which originated about a given axis.

For example:

ER = EX5 = V/V(Exs cos ¢)2 + (EZ6 sin ¢)2 + EX52

where the term EX5 under the radical sign might be a thermal distortion -
such as seen in Figure 5.3-1 a) and the other two terms are components
of other errors transformed from coordinate sets 6, 7, 8 and 9. This
formulation does not so clearly show the propagation of errors through
the system but it avoids the pile-up of errors which occurs at certain
angles when positive polarity is arbitrarily assigned to errors with

random polarity.

The gimbal errors tend to be larger than the preliminary allocation
of 8,72 prad, The primary cause of this error is the estimate for
dimensional stability in 5.3.2.3. This indicates that dimensional

stability must indeed be a prime subject for further investigation.

Selte7 Encoders

.Table 5.4-12 shows the errors due to the encoders at the vernal
equinox and the summer solstice. The errors at these dates are the
same because a phase angle of h5o was arbitrarily chosen for the '"typical"
bias errors., The rms value of the inner gimbal error is used at these dates

as seen in the expressions used to calculate bias errors.
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EGEB = 8,05 sin (B + 45°) outer gimbal
EIEB = 8.05 sin (I + 45°) inner gimbal
EREB = EIEB sin CLN sin @ roll
EPEB = EIEB cos CLN + E@EB pitch
EYEB = EIEB sin CLN cos § yvaw

The November 6 orbit picks up the peak inner gimbal error as seen in Table 5.4 -13
The propagation of the bias errors in the system is easily seen and the

opportunity for their compensation by the computer is clear.

For the random and rss summation columns the two terms of EPE
were root-sum-squared instead of algebraically summed, accounting for the

higher peak of pitch error in the bias column on November 6.

5.4.8 STARS Control System

Servo positioning errors are gimbal axis errors and the following

expressions are used to transform them to spacecraft errors.

ERC = EIC sin CLN sin §
EPC = EIC cos CLN + E@C
EYC = EIC sin CLN cos §

Note that the bias error, being a position "droop' has a fixed negative
polarity on the gimbal angles # and I, but the outer gimbal angle causes
the roll and yaw errors to be alternated. Since the servo positioning

errors 